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Abstract
The present work deals with the development and application of an acoustic long-period
fiber grating (LPG) in conjunction with a special optical fiber (SF). The acoustic LPG
converts selected optical modes of the SF. Some of these modes are characterized by
complex, yet cylindrically symmetric polarization and intensity patterns. Therefore,
they are the guided variant of so called cylindrical vector beams (CVBs). CVBs find
applications in numerous fields of fundamental and applied optics. Here, an application
to high-resolution light microscopy is demonstrated. The field distribution in the tight
microscope focus is controlled by the LPG, which in turn creates the necessary polar-
ization and intensity distribution for the microscope illumination. A gold nanoparticle
of 30 nm diameter is used to probe the focal field with sub-wavelength resolution.
The construction and test of the acoustic LPG are discussed in detail. A key compo-
nent is the piezoelectric transducer that excites flexural acoustic waves in the SF, which
are the origin of an optical mode conversion. A mode conversion efficiency of 85 % was
realized at 785 nm optical wavelength. The efficiency is, at present, mainly limited by
the spectral positions and widths of the transducer’s acoustic resonances.
The SF used with the LPG separates the propagation constants of the second-order
polarization modes, so they can be individually excited and are less sensitive to distor-
tions than in standard weakly-guiding fibers. The influence of geometrical parameters
of the fiber core on the propagation constant separation and on the mode fields is studied
numerically using the multiple multipole method. From the simulations, a simple mode
coupling scheme is developed that provides a qualitative understanding of the experi-
mental results achieved with the LPG. The refractive index profile of the fiber core was
originally developed by Ramachandran et al. However, an important step of the present
work is to reduce the SF’s core size to counteract the the appearance of higher-order
modes at shorter wavelengths which would otherwise spoil the mode purity.
Using the acoustic LPG in combination with the SF produces a versatile device to
generate CVBs and other phase structures beams. This fiber-optical method offers beam
profiles of high quality and achieves good directional stability of the emitted beam.
Moreover, the device design is simple and can be realized at low cost. Future develop-
ments of the acoustic LPG will aim at applications to fiber-optical sensors and optical
near-field microscopy.
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Kurzfassung
Diese Arbeit behandelt die Entwicklung und Anwendung eines akustischen langperi-
odischen Fasergitters (LPG) in Verbindung mit einer optischen Spezialfaser (SF). Das
akustische LPG wandelt ausgewa¨hlte optische Modi der SF um. Einige dieser Modi wei-
sen eine komplexe, zylindersymmetrische Polarisations- und Intensita¨tsverteilung auf.
Diese sind eine Form der so genannten zylindrischen Vektor-Strahlen (CVBs), welche in
zahlreichen Gebieten der wissenschaftlichen und angewandten Optik zum Einsatz kom-
men. In dieser Arbeit wird eine Anwendung auf die hochauflo¨sende Lichtmikroskopie
demonstriert. Die fokale Feldverteilung wird dabei durch die Auswahl der vom LPG er-
zeugten Modi, welche zur Beleuchtung genutzt werden, eingestellt. Als Nachweis wird
die entstehende laterale Feldverteilung mithilfe eines Goldpartikels (Durchmesser 30
Nanometer) vermessen.
Aufbau und Test des akustischen LPGs werden im Detail besprochen. Eine wichti-
ge Komponente ist ein piezoelektrischer Wandler, der akustische Biegewellen in der SF
anregt. Diese sind die Ursache der Umwandlung optischer Modi. Die maximale Konver-
sionseffizienz betrug 85 % bei 785 nm (optischer) Wellenla¨nge. Die Effizienz ist derzeit
hauptsa¨chlich durch die Lage der akustischen Resonanzfrequenzen des Wandlers und
deren Bandbreite begrenzt.
Die benutzte SF spaltet die Ausbreitungskonstanten von Polarisationsmodi zweiter
Ordnung auf, sodass diese individuell angeregt werden ko¨nnen und weniger anfa¨llig ge-
genu¨ber Sto¨rungen der Faser sind, als das bei gewo¨hnlichen, schwach fu¨hrenden Glas-
fasern der Fall ist. Das zu Grunde liegende Brechzahlprofil des Faserkerns wurde von
Ramachandran et al. entwickelt. Fu¨r diese Arbeit wurde jedoch die Ausdehnung des
Profils verkleinert – ein erster Schritt um Anwendungen bei ku¨rzeren optischen Wel-
lenla¨ngen zu ermo¨glichen. Es werden numerische Simulationen mit der Methode der
multiplen Multipole zur Berechnung der Modenfelder und den zugeho¨rigen Propaga-
tionskonstanten vorgestellt. Diese zeigen u. a. den starken Einfluss von geometrischen
Vera¨nderungen des Faserkerns. Basierend auf den Simulationsergebnissen wird ein ein-
faches Kopplungsschema fu¨r die Modi entwickelt, welches ein qualitatives Versta¨ndnis
der experimentellen Ergebnisse ermo¨glicht.
In Kombination bilden die SF und das LPG ein vielseitiges Gera¨t zur Erzeugung
von CVBs und anderen Strahlen mit komplexer Phasenstruktur. Die Methode besticht
durch hohe Qualita¨t des Strahlprofils, stabile Abstrahlrichtung, einfachen Aufbau, elek-
tronische Steuerbarkeit und geringe Materialkosten. Zuku¨nftige Weiterentwicklungen
des akustischen LPGs zielen auf die Anwendung in faseroptischen Sensoren und in der
optischen Nahfeldmikroskopie ab.
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1 Introduction
According to the European Commission, “products underpinned by nanotechnology are
forecast to grow from a global volume of e 200 billion in 2009 to e 2 trillion by 2015”
[1]. In other words, a ten-fold increase in market volume in only six years time is
expected for materials and devices that make use of nanotechnology or nano-structured
materials. Such rapid technological and scientific development cannot be achieved with-
out the necessary metrology (the science of measurement [2]) to characterize the prop-
erties and functionality of these materials and devices. Hence, it is not surprising that
the European Commission identified metrology as a “crucial factor” [3] for industrial
innovation specific to nanotechnology.
Optical metrology, for instance, describes techniques that use light to probe or im-
age physical or chemical properties of interest. A few examples from current research
are: characterization [4, 5] and manipulation [6] of metallic nanoparticles, orientional
imaging of individual molecules [7, 8], or near-field optical defect localization in single-
walled carbon nanotubes [9]. These examples have in common that they use special
light beams called cylindrical vector beams (CVB). Due to their special properties and
usefulness they have attracted great attention in the scientific community over the past
decade [10].
As the name suggests, CVBs are cylindrically symmetric electromagnetic vector
fields that propagate as collimated beams. Figure 1.1 illustrates the z-dependence of
the transverse electric field of a prominent CVB type that features radial polarization.
The time is fixed and z is the propagation direction in this example.
Several methods for CVB generation were invented so far [10]. Of those, fiber-optical
methods can provide several advantages. This is mainly because circular symmetric
optical fibers have, among others, radially polarized eigenmodes. An eigenmode will
travel through the fiber without changing its shape if the fiber is unperturbed. Due to
the development of optical fibers for telecommunications, circularly symmetric fibers
of high quality are readily commercially available and their price per meter is low. Fur-
thermore, the polarization can be controlled completely inside the fiber by applying
controlled stress while the direction of the output beam from that fiber is not influ-
enced. From this point of view, CVB generation in optical fibers appears technically
1
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Figure 1.1: Top: perspective drawing illustrating the z-dependence of the transverse
electric field vectors of a radially polarized cylindrical vector beam (z is the propagation
direction, the time is fixed, and the length of each arrow corresponds to the field magni-
tude). Bottom: magnitude E of the electric field corresponding to the arrow marked in
red as function of z.
favorable compared to other methods. However, all fiber-optical methods involving
CVB modes suffer from the quasi-degeneracy of their propagation constants in standard
weakly guiding fibers (nearly all telecommunication fibers are weakly guiding). The
quasi-degeneracy of propagation constants leads to unwanted random mode coupling
between the CVB modes at small waveguide disturbances. Such disturbances could
be internal defects, like structural imperfections, or external stresses, like mechanical
forces or temperature changes. Polarization mode coupling changes the overall polar-
ization distribution along the fiber. Hence, in practice it is almost impossible to transmit
an individual CVB mode through a conventional fiber for distances greater than a few
centimeters.
This issue was resolved by Ramachandran et al. who successfully separated the prop-
agation constants of the second-order modes by a specifically developed refractive index
profile of the fiber core [11, 12]. The separation leads to an enhanced stability of the
CVB modes in the fiber. The authors also showed that they can convert a linearly po-
larized fundamental mode into a selected CVB mode with either radial, azimuthal, or
hybrid polarization by mechanical long-period fiber gratings (mechanical LPGs).
Mechanical LPGs are very simple in design. They basically consist of one or two
periodically grooved plates which are pressed onto the fiber, so that the latter is stressed
with the same periodicity [13, 14]. Figure 1.2 shows the principle schematically. At a
specific combination of grating periodicity and optical wavelength, governed by the so
called resonance condition of the grating, the periodic stress can result in a complete
2
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Figure 1.2: Schematic drawing of CVB mode generation using a mechanical (bottom)
or an acoustic (top) long-period fiber grating (LPG). The linearly polarized optical input
mode is converted to a radially polarized CVB mode by a periodic fiber bending. The
mechanical LPG uses grooved plates to achieve the bending whereas the acoustic LPG
uses a piezoelectric transducer to excite flexural acoustic waves which propagate along
the fiber.
conversion of a fundamental fiber mode into a CVB mode. By turning the grooved plate
with respect to the fiber axis, the periodicity of the stress along the fiber can be manually
tuned to excite a CVB mode at a specific optical wavelength. However, the tuning range
is limited due to geometrical constraints. On the other hand, many practical applications
require the possibility to remotely control the mode selection and coupling efficiency.
To meet these requirements, a much more sophisticated mechanical LPG setup would
have to be created.
Electronic controllability and tunability can be achieved much more conveniently by
another LPG type, namely acoustic LPGs [15]. In this case, propagating acoustic waves
are launched at one point of the fiber and travel along its axis. This is also depicted in
figure 1.2. The period of this fiber disturbance is given by the acoustic frequency and the
fiber’s acoustic dispersion. Once the acoustic dispersion is known for a particular fiber,
one can obtain the necessary grating period in a broad range by selecting the appropriate
acoustic frequency. Dashti et al. have used acoustic LPGs before to generate CVBs
[16, 17]. But despite the fact that the authors used a special (dispersion-compensating)
fiber, the splitting between the propagation constants and hence their stability was still
extremely low compared to the results achieved by Ramachandran et al. [12].
Following the discussion above, it is easy to see that applying an acoustic LPG to
a fiber like that of Ramachandran et al. can lead to a versatile device for CVB mode
generation. This results in a set of tasks that are addressed in the present work:
3
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• Construction and test of an acoustic LPG in conjunction with an index-tailored
fiber for the individual excitation of second-order modes
• Assessment of efficiency and bandwidth of selective CVB mode excitation
• Application of this fiber-optical CVB mode generator to high-resolution micros-
copy to demonstrate its usefulness
To address the tasks above, the outline of this thesis is as follows: Chapter 2 briefly
summarizes the electromagnetic theory of optical waveguides. It also includes a short
overview of scalar coupled mode theory for guided modes propagating in the same di-
rection. Chapter 3 deals with the description of the polarization of light and the basic
principles behind polarization preservation in optical fibers. Furthermore, methods for
CVB generation are reviewed and compared to the acoustic LPG approach. Chapter 4
presents a numerical simulation of an index-tailored fiber fabricated after the design de-
veloped by Ramchandran et al. However, compared to the latter, the core dimensions
are reduced in the present work for reducing the number of guided modes at shorter
wavelengths. The mode fields and the corresponding propagation constants are calcu-
lated in the simulation. Geometrical imperfections and their consequences for mode
coupling will be analyzed in detail. On the basis of the simulation results, the acoustic
LPG incorporating the special fiber is constructed. Chapter 5 contains the basic theory
of acoustic LPGs, a comparison to other grating types, and a detailed account to the con-
struction as well as the electrical, mechanical, and optical characterization of the LPG.
The excitation of selected polarization modes is demonstrated. Chapter 6 documents
the application of polarization modes generated by the acoustic LPG to high-resolution
microscopy. The acoustic LPG generates appropriate second-order polarization modes
in the fiber which are used for illumination in the microscope. Probing the focal field
by a gold nanoparticle shows that the field can be tailored by selection of the fiber’s
polarization modes. Chapter 7 concludes the present thesis.
4
2 Fundamentals of optical waveguides
2.1 Introduction
This chapter will introduce the electromagnetic theory necessary to describe optical
waveguides and the mode fields which can propagate within them. This includes Max-
well’s equations and special forms of the vector wave equations that can be derived.
Furthermore, the modal expansion of electromagnetic fields is introduced, whereby
propagating, evanescent, and radiating modes can be distinguished. Subsequently, the
multiple multipole method for numerical computation of mode fields and propagation
constants is outlined. Finally, coupled mode theory, which describes power transfer be-
tween modes caused by a change of the electric permittivity of the waveguide media,
is introduced for co-directional mode coupling. Several of the formulas and definitions
made in this section will be referred to in following chapters of this thesis.
2.2 Maxwell’s equations and vector wave equations
Maxwell’s equations (ME) are at the core of classical electromagnetics and form the
basis of many text books on optics [18, 19, 20, 21]. This section will only give a short
summary of the most important equations related to ME and the resulting wave equa-
tions.
ME describe the interplay of electric and magnetic fields, represented by field vec-
tors E and H , respectively, and the magnetic induction and the electric displacement,
represented by the vectors B and D , respectively. In their differential form, ME read
as:
∇B = 0 (2.1)
∇×E + ∂B
∂t
= 0 (2.2)
∇D = ρ (2.3)
∇×H − ∂D
∂t
= j . (2.4)
5
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Here, j is the electrical current density and ρ the electrical charge density. They repre-
sent the sources of electromagnetic fields. The vectors B and D are the macroscopic
material response to the fields H and E , respectively, which can be expressed in the
following constitutive equations:
B = µH = µ0H +M (2.5)
D = εE = ε0E +P . (2.6)
In the above relations, the dielectric permittivity ε and the magnetic permeability µ
were introduced. Furthermore, the magnetic and electric polarization M and P can be
defined, where ε0 and µ0 are the permittivity and permeability of vacuum, respectively.
At any boundary separating materials 1 and 2 with material properties (ε1, µ1) and
(ε2, µ2), the field vectors have to fulfill the following boundary conditions:
n(B1 −B2) = 0 (2.7)
n × (E 1 −E 2) = 0 (2.8)
n(D1 −D2) = σ (2.9)
n(H 1 −H 2) = K . (2.10)
Here, σ and K are electric surface charge density and electric surface current density,
respectively. The vector n is oriented normally to the boundary everywhere.
For isotropic materials, both µ and ε are scalar quantities. If there are neither free
currents and nor free charges, the vector wave equation can be derived from ME in the
following form:
∇× ( 1
µ
∇×E) + ε∂
2E
∂t2
= 0 (2.11)
∇× (1
ε
∇×H ) + µ∂
2H
∂t2
= 0. (2.12)
The vector wave equations 2.11 and 2.12 govern the propagation of electromagnetic
radiation in matter. The electric and magnetic fields are coupled implicitly through ε
and µ, which contain the magnetic and electric polarizations, in essence the response of
the medium to an external field.
For piecewise homogeneous media, 2.11 and 2.12 may be further reduced. Then,
inside each domain i with material properties εi and µi, the fields obey:
∇2E i − µiεi∂
2E i
∂t2
= 0 (2.13)
∇2H i − µiεi∂
2H i
∂t2
= 0 (2.14)
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If solutions to equations 2.13 and 2.14 are found, the fields are required to match at the
boundaries between neighboring domains, in accordance with the boundary conditions
2.7 through 2.10, to result in a solution of the general vector wave equations 2.11 and
2.12.
2.3 Optical waveguides
An optical waveguide constitutes a physical structure that is able to direct electro-
magnetic (EM) radiation along a defined direction in the visible (or neighboring) part of
the spectrum. Solutions Ψ(r , t) of the vector wave equations 2.13 and 2.14 that fulfill
the boundary conditions given by the structure and material properties of the waveguide
are called the modes of the waveguide. These modes form a complete and minimal set
of eigenfunctions which describe all possible fields in the waveguide.
Waveguides can be classified into lossless and lossy guides. Especially for optical
frequencies, the material loss in dielectric waveguides, like optical fibers, is often neg-
ligible. So, they will be considered to be lossless throughout this work. In contrast, for
waveguides where at least part of the structure is made from metal, ohmic losses are
usually present. These waveguides are called metallic waveguides. The material losses
are described by a finite imaginary part of the metal’s permittivity ε(ω).1
The distinction between lossless and lossy waveguides also plays an important role in
the classification of waveguide modes. Since the classification for lossless waveguides
is clearer and more intuitive, this type of waveguides is discussed first.
2.3.1 Dielectric waveguides
Non-magnetic dielectric materials are usually described by their refractive index which
is related to the permittivity of the medium through n2 = ε. Therefore, the waveguide
structure is characterized by its refractive index profile n(x, y, z), which determines
the boundary conditions and hence the possible modal solutions of the vector wave
equations 2.11 and 2.12.
One can distinguish between bound modes and radiation modes [22, 23]. The former
describe waves which propagate along the waveguide whereas the latter describe all
waves that eventually propagate away from the waveguide in perpendicular direction
to the transmission axis. Furthermore, there are also evanescent modes that do not
1 ε(ω) is also called the dielectric function.
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propagate at all. Therefore, only bound modes can transmit power over larger distances
along the waveguide. The evanescent modes, on the other hand, represent localized
energy, that is stored in the guide.
There is only a limited number of bound modes for each waveguide and an infinite
number of radiation modes and evanescent modes. Every possible field can be described
as a combination of these mode fields, which is called modal expansion of the field.
If, for example, we consider a cylindrical waveguide with its propagation axis aligned
in z-direction, we have a refractive index profile n = n(x, y), independent of z. We
further assume a time-harmonic dependence of the form exp(iωt) for the fields. Then,
the field F (representing either the electric field E or the magnetic field H ) can be
expanded in terms of its bound and radiation modes. This reads as:
F (x, y, z, t) =
∑
ν
aνf ν(x, y)exp(iωt− iβνz)+
+
∑
ν˜
∫
aν˜(β˜)f ν˜(x, y, β˜)exp(iωt− iβ˜z)dβ˜. (2.15)
In the first term, a specific guided mode with index ν is characterized by its modal
field f ν , expansion coefficient aν , and wavenumber βν . The second term is similar,
but instead of a summation over discrete βν there is an integration over a continuous
spectrum of wavenumbers β˜. The radiation and evanescent modes with label ν˜ are both
included in the second term. Implicitly, equation 2.15 also contains the summation over
degenerated modes having the same wavenumber, as well as forward and backward
traveling modes (with opposite sign of βν or β˜). If the waveguide is bound in two
dimensions, as is the case for cylindrical waveguides, actually two indexes have to be
used instead of one to fully characterize all modes [24, page 27]. However, the second
index is suppressed in equation 2.15 to keep the notation short.
Two bound modes of an unperturbed waveguide do not exchange power, and, since
lossless guides are considered here, the mode’s amplitudes remain constant. Therefore,
an orthogonality relation can be defined for two modes ν and µ [24, page 26]:∫∫ ∞
−∞
dxdy E tν ×H ∗tµ = 0 for ν 6= µ. (2.16)
The subscript t stands for the transverse components of the fields while the asterisk
indicates the complex conjugate.
In dielectric optical waveguides, the wavenumbers of bound modes are real valued
and positive for modes propagating in the +z direction. For simple waveguides, such as
8
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single- or multi-mode fibers with a step-like refractive index profile, the guiding mecha-
nism can be understood as a total internal reflection at a boundary between materials of
different index of refraction. Consequently, the waves are mainly guided in the higher
index regions.
The wavenumber β of a guided mode can take on values between nhighk0 and ninfk0,
where k0 = 2pi/λ, and k0 and λ are the vacuum wavenumber and wavelength, respec-
tively, and the following inequality holds:
nhighk0 ≥ β ≥ ninfk0. (2.17)
The value ninf is the refractive index at infinite distance from the waveguide axis, usually
considered as the cladding index ncl, where the fields of guided modes are required to be
zero, and nhigh is the highest index of refraction in the waveguide, which is supposed to
be located somewhere close to the waveguide axis. Motivated by the above inequality, a
normalized wavenumber neff = β/k0 is often introduced, which is also called effective
index of a mode. Consequently, ninf < neff < nhigh holds for guided modes. Another
normalization of the propagation constant is also common [25, eq. 8.35]:
beff =
n2eff − n2inf
n2high − n2inf
. (2.18)
The normalized (effective) propagation constant beff , as defined in equation 2.18, will
have values from 0 to 1 for the guided modes. It is not only applicable to fibers with a
simple single-step index profile, but also to more general cases, like W- and M-profiles,
which are commonly found in dispersion shifted fibers [26]. The values of ninf and nhigh
have to be chosen in accordance with the specified refractive index profile.
2.3.2 Metallic waveguides
Metals are characterized by their complex and frequency dependent dielectric function
ε = ε(ω). For metals at ω < ωp one has Re{ε} < 0, due to the conductivity, and
Im{ε} > 0, corresponding to ohmic heating of the metal. ωp is the plasma frequency
of the metal. The presence of losses makes the definition of guided modes non-trivial in
metallic waveguides, since the energy of a guided mode is not conserved when it prop-
agates along the guide. Instead, the energy will be dissipated in the metal eventually.
This is detailed, for instance, in [27, page 240] and [28, 29].
9
2 Fundamentals of optical waveguides
As a result of the presence of losses, the propagation constant of a guided mode will
become complex and is then defined as γ = β + iα, where a positive valued α is the
damping constant. In principle, a modal expansion of the form of 2.15 is possible, with
β replaced by γ, but defining an orthogonality relation becomes much more complex
and will not be attempted here, although it is still possible (see for example [30]).
If α and β are non-zero, no sharp distinction is possible between guided propagating
and evanescent modes. Nonetheless, if α becomes significantly larger than β, the mode
is better described as an evanescent mode, because it will decay within a few cycles of
oscillations.
An important implication for lossy waveguides is that β is not limited to the wave-
number of an equivalent lossless structure (with α = 0). Consequently, one cannot
define a strict value range for the guided modes anymore, as was possible for lossless
dielectric waveguides. At least one can usually exclude modes with very high damping
(α β) from the discussion, because they are of little practical interest.
Because of the reasons mentioned above, the analysis of metallic waveguides is more
demanding than that of lossless dielectric guides. Nonetheless, metallic optical waveg-
uides (also called plasmonic waveguides) are an important area of ongiong research in
nanotechnology, since they can tightly bind optical fields and squeeze them to extremely
small volumes.
2.4 Numerical calculation of modes by the multiple multipole
program
As pointed out in [27, 29], an analytical calculation of mode fields and wavenumbers
are only possible for relatively simple waveguide structures, e.g. circular symmetric
guides. Usually, even for the analytical solution, transcendental equations have to be
solved for the wavenumber, which again requires numerical techniques. Therefore,
explicit numerical treatment may provide results more conveniently.
A very accurate numerical technique for solving electromagnetic problems, including
different forms of waveguides like 2D cylindrical waveguides [28] and periodic waveg-
uides (e.g. photonic crystals [31]), is the Multiple Multipole Program (MMP) [32, 27].
MMP is a semi-analytical technique where the electromagnetic (EM) fields are approx-
imated by a linear series expansion. Each expansion function is chosen to already fulfill
the vector wave equations 2.13 and 2.14 inside the homogeneous domain for which it is
used. The expansion parameters are then calculated by minimizing the error (weighted
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error integrals) of the fields at matching points distributed along the boundaries between
different domains. This error also serves as a measure for the quality of the approxima-
tion, which is very helpful during the development of the model.
Mathematically, the set of equations formed by the boundary conditions at all match-
ing points can be treated as a matrix equation. For waveguides, the components of the
derived MMP-matrix depend on an eigenvalue that can be calculated by solving the
transcendental equation [27, page 234-241]:
det |M(e)| = 0. (2.19)
The eigenvalue e corresponds to the normalized propagation constant γ/k0 as intro-
duced in section 2.3.1. After the eigenvalue has been calculated, the MMP-matrix can
be solved for a particular value of e, which results in an eigenvector that essentially
contains the expansion parameters for the corresponding mode field. By calculating the
expansion parameters, one has, in principle, determined the field for any point in space
at once. Of course, in order to achieve field values in a certain region of space, one
needs to evaluate the expansion functions for a discrete set of points, which may also be
computationally demanding.
In the following, an example of a relatively simple mode field calculation for a circu-
lar cylindrical fiber will be presented.
2.4.1 Representation of simulated mode fields
To obtain a quick overview of the field distribution of a waveguide mode which is com-
parable also to experimentally measured mode fields, it is useful to view the field’s
averaged intensity instead of individual field components at specific moments in time,
because the former is the quantity measured by photo detectors. On the other hand, the
field intensity for itself is often indistinguishable for degenerate or almost degenerate
modes, which only differ in their polarization. Therefore, information of the polariza-
tion should also be contained in a mode field’s representation.
Figure 2.1 shows an example of such a mode field representation for the six lowest-
order modes of a circular dielectric optical fiber with a single-step refractive index pro-
file. More details are given in the figure caption. The color scale corresponds to the
normalized field intensity. The black arrows indicate the polarization of the transverse
electric field at a fixed point in the oscillation cycle. The direction and length of the
arrows indicate the local orientation and strength of the transverse field, although the
arrow scaling is optimized to view the arrow directions. Of course, the length and sign
11
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of the transverse fields will oscillate in time and along the propagation direction, which
is important to remember when superpositions and interference of different mode fields
are considered.
If not otherwise stated, the mode field representation of figure 2.1 (averaged intensity
and arrows for transverse electric fields) will be used throughout this work.
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(a) HEe21 (b) HE
o
11 (c) TE01
(d) HEe21 (e) HE
o
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Min.
(g)
Max.
Figure 2.1: (a)-(f) Intensity distributions of the six lowest-order modes [HEe11, HE
o
11,
TE01, HE
e
21, HE
o
21, TM01] for a cylindrical fiber at 850 nm, modeled by a core (bright
green circles) of radius 4.1 µm and refractive index of 1.4560, and an infinite cladding
of refractive index 1.4525. The arrows indicate the polarization of the transverse elec-
tric field. (g) Color bar from minimum (left, dark) to maximum (right, bright) values,
representing the respective normalized intensity values.
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2.5 Overview of coupled mode theory
2.5.1 Coupled mode equations
The coupled mode theory (CMT) describes an exchange of optical power between dif-
ferent modes in a waveguide due to any disturbance ∆ε(x, y, z) of the undisturbed pro-
file ε(x, y). CMT bases on power conservation and the orthogonality relation and can
therefore, in its original form, only be applied to lossless problems, as described in
[33, 34, 35]. The main idea is to express the fields of the perturbed guide by the modes
of the unperturbed guide, but with variable amplitudes. Due to the waveguide distur-
bance ∆ε(x, y, z), the modes are no longer orthogonal and will exchange power, hence
they are coupled. CMT can be used to describe unintentional disturbances, like bends
or twists of an optical fiber, as well as deliberate modifications like Bragg reflection or
transmission gratings.
Using the notation of [33], the mode amplitudesAµ andBµ for forward and backward
propagating modes, respectively, can be introduced from the amplitude of the mode
expansions aµ and bµ in equation 2.15. This reads as:
aµ(z) = Aµ(z)e
−iβµz bµ(z) = Bµ(z)eiβµz. (2.20)
Therefore, the z-dependence due to the mode propagation is separated from that due to
the disturbance ∆ε, which is contained in Aµ(z) and Bµ(z). Now the coupled mode
equations can be expressed in the form [33]:
∂Aµ
∂z
= − i
∑
{Aν(Ktνµ +Kzνµ)e−i(βν−βµ)z (2.21)
+Bν(K
t
νµ −Kzνµ)ei(βν+βµ)z},
∂Bµ
∂z
= i
∑
{Aν(Ktνµ −Kzνµ)e−i(βν+βµ)z (2.22)
+Bν(K
t
νµ +K
z
νµ)e
i(βν−βµ)z}.
Here, the summation is understood to contain all modes ν, including bound modes and
radiation modes, according to the notation of [33]. Equations 2.21 and 2.22 contain the
coupling coefficients Kt and Kz for the transverse and longitudinal (z) field compo-
nents. This distinction is necessary, since only the transverse fields are orthogonal. Kt
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and Kz are defined as:
Ktνµ = ω
∫∫ +∞
−∞
dxdyE tν∆εE tµ (2.23)
Kzνµ = ω
∫∫ +∞
−∞
dxdyEzν
∆ε · ε
∆ε+ ε
E∗zµ. (2.24)
2.5.2 Co-directional coupling
One special case of high practical importance is the co-directional coupling between
two modes traveling in the same direction. This can be caused by waveguide imperfec-
tions or deliberate modifications. For co-directional waves, the coupled mode equations
reduce to [33, p. 79]:
∂Aµ
∂z
= − iAνκνµe−i∆βνµz (2.25)
∂Aν
∂z
= − iAµκ∗νµei∆βνµz, (2.26)
where κνµ = Ktνµ + K
z
νµ and ∆βνµ = βν − βµ have been introduced. Self-coupling
(ν → ν or µ→ µ) is neglected in this case.
If the perturbation ∆ε is periodic, it can cause phase matching between two cor-
responding modes at a specific wavelength, which is the requirement for a complete
exchange of power. This is called the phase matching condition or the conservation of
momentum, defined as:
δ = ∆βνµ ± 2pi/Λ = 0, (2.27)
where Λ is the period of the disturbance. In this case ∆ε is considered to be periodic in
the z-direction only. Accordingly, the coupling constant κνµ can be expressed as:
κνµ = κ¯e
i(2pi/Λ−z). (2.28)
In equation 2.28, the periodic parts of the coupling coefficient are separated from the
average coupling coefficient κ¯, which determines the coupling efficiency. Notice that the
z dependence can be more complicated than in equation 2.28 and it might be appropriate
to expand the coupling coefficient in a series expansion [21].
If the boundary conditions for the amplitudes are chosen, such that Aν(z = 0) = 0,
the ratio of power transfered between modes µ and ν over a distance z becomes [21]:
T =
|Aν(z)|2
|Aµ(z = 0)|2 =
|κ¯|2
|κ¯|2 + (δ/2)2 sin
2[
√
|κ¯|2 + (δ/2)2z]. (2.29)
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Equation 2.29 shows that the power is coupled sinusoidally forth and back between the
two modes along the z-direction. Furthermore, a complete exchange of power is only
possible, if the phase matching condition δ = 0 is satisfied. Since ∆β generally depends
on the optical wavelength λ, this will be the case only for specific wavelengths. Assum-
ing δ = 0, it can be further seen that the distance L after which complete exchange of
power occurs for the first time is:
L =
pi
2|κ¯| . (2.30)
From equation 2.30 one finds that stronger coupling (with higher spatial frequency
of power exchange) is observed for higher values of κ¯. The value of κ¯ follows from
the overlap integrals 2.23 and 2.24 and depends on the mode fields and the permittivity
disturbance ∆ε.
2.6 Summary and conclusions
This chapter gave a summary of the most important equations governing the propagation
of electromagnetic fields in optical waveguides. The multiple multipole method for
numerical calculation of waveguide mode fields and propagation constants was also
outlined briefly. Finally, elements of the coupled mode theory were introduced, as will
be needed to understand the origin of the experimental results discussed in the chapter 5
and 6. Especially the phase matching condition 2.27 should be borne in mind, as it is of
paramount importance in many coupled wave phenomena. In chapter 4, the normalized
propagation constant beff and effective index neff will be frequently referred to.
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3.1 Introduction
This chapter provides the terminology for describing the polarization of light beams in
free space and in optical fibers. As outlined in section 2.2, optical radiation is classically
treated as EM-radiation using Maxwell’s equations. When speaking of polarization, one
usually means the axis of vibration of the electric field vector in a plane perpendicular
to the propagation direction of a beam of light [18, chapter 1.4]. Although, electromag-
netic fields have non-zero components in all three dimensions in general. For collimated
beams of light and beams in optical fibers, however, the component in propagation direc-
tion is much weaker compared to the transverse field components and can be neglected.
Furthermore, the orientation of the transverse polarization axis depends on time and
space. In the most general case, the electric field vector will perform an ellipse in the
transverse plane if observed at a fixed point in space. Thus, the important Stokes pa-
rameters will be introduced to describe polarization mathematically and relations to the
parameters of the polarization ellipse are given.
In practice, beams with a fixed transverse axis of vibration and those with a uni-
form or symmetrical polarization distribution are mostly used. For this work in par-
ticular, cylindrical vector beams are of great importance and will be introduced. Fur-
thermore, some methods to generate them will be reviewed, including their respective
advantages and drawbacks. A focus is laid on fiber-optical methods to generate cylin-
drical vector beams, since the acoustic long-period fiber gratings discussed in chapter 5
are used exactly for this purpose. Finally, polarization control in optical fibers is dis-
cussed briefly, whereby both single-mode polarization-maintaining fibers and higher-
order mode polarization-maintaining fibers are taken into.
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3.2 Description of light polarization
3.2.1 Stokes parameters and the polarization ellipse
Stokes parameters are a mathematical description of the state of polarization of light
which is directly related to measurable intensities. The measurement involves two opti-
cal elements the beam has to pass. These are a polarization analyzer with its transmis-
sion axis at a variable angle θ with respect to the x-axis, and a quarter-wave plate (QWP)
with its fast axis in x-direction, which is additionally inserted for one measurement. In
the given orientation, the QWP retards the y-component of the electric field by a phase
angle φWP = 90◦ (or pi/2) with respect to the x-component. The Stokes parameters can
now be determined from the intensities I(θ, φWP), which are measured after passing the
polarizer at the respective angle, as follows [18, 36]:
S0 = I(0
o, 0o) + I(90o, 0o) (3.1)
S1 = I(0
o, 0o)− I(90o, 0o) (3.2)
S2 = I(45
o, 0o)− I(135o, 0o) (3.3)
S3 = I(45
o, 90o)− I(135o, 90o). (3.4)
As can be seen from the equations above, six individual intensity values have to be mea-
sured in order to fully determine the state of polarization. Only for S3 in equation 3.4,
the QWP is necessary.
Since the polarization is not necessarily uniform over a transverse plane, the intensi-
ties I(θ, φWP) and Stokes parameters Si also depend on the transverse position, although
this dependence is not expressed explicitly here.
The ratio:
η =
S21 + S
2
2 + S
2
3
S20
(3.5)
is called the degree of polarization. The degree of polarization is linked to the temporal
coherence of the light field and describes how well the phase of the vector wave com-
ponents are continuous and have a fixed relation to each other. In the simulations and
experiments of this work, only laser-light will be used. The latter can be approximated
as fully coherent continuous waves in this context. Therefore, η is considered to be 1
throughout this work. In practical applications, however, sources with lower coherence
are often used and the degree of polarization may become important if optical signals
have to be transmitted over long distances, so depolarizing effects can accumulate.
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If η = 1 holds, the stokes parameters are not independent and, for instance, |S3|
could be calculated from S0, S1, and S2. However, the sign of S3 cannot be clarified
without the last measurement (equation 3.4). This piece of information corresponds to
the handedness of the polarization ellipse which the electric field vector describes while
the wave propagates.
Figure 3.1 (a) demonstrates the propagation of theEx andEy components of the elec-
tric field with a phase difference and different amplitudes, which results in an elliptical
spiral motion of the total electric field vector. The latter is indicated by a thicker dark
line. Figure 3.1 (b) shows the polarization ellipse in a transverse plane. It also includes
the definition of the ellipse parameters. Therein, α is the angle between the ellipse major
axis and the x-axis, and a and b are the semi major and semi minor axes of the ellipse,
respectively.
The parameters of the polarization ellipse are related to the Stokes parameters through
the following equations [36]:
sin 2χ =
S3
S0
(3.6)
tanχ =
b
a
(3.7)
tan 2α =
S2
S1
. (3.8)
The sign of b/a determines the sense of rotation of the electric field vector in the trans-
verse plane, so one can see the importance of S3. These formulae establish a direct
connection between the physical properties of the polarization and the Stokes parame-
ters.
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Figure 3.1: Evolution of (a) transverse electric field components and total transverse
field visualizing elliptical polarization [Source: public domain]. (b) Polarization ellipse
which the electric field vector describes in a transverse plane.
3.2.2 Polarization of light beams in free space
Most of the laser beams in free space used in practice fulfill the (approximative) parax-
ial wave equation1. The corresponding field modes are usually described as plane po-
larized, hence they are linearly and uniformly polarized. Furthermore, they are fully
transverse, so the field component in propagation direction is neglected. Both features
are well-justified approximations if the beam is not tightly focused. On the other hand,
except for the fundamental modes, the phase of the electric field across a transverse
plane is not constant and might change about 180◦ between certain areas in a transverse
plane, making the field vectors point in opposite directions. Therefore, the phase front
of such a higher-order laser beam is not plane.
Cylindrical vector beams
There are some selected cases with non-uniform polarization distributions of high prac-
tical interest. One class of such beams is called cylindrical vector beams (CVBs) [10].
As the name suggests, the polarization (vibration axis direction) is distributed in a circu-
larly symmetric way around the beam axis. This implies a point of undefined polariza-
tion in the center of the beam. Taking any transverse direction, the field is antisymmetric
with respect to the beam axis and therefore has to be zero on the axis. Two special cases
are the radially and azimuthally polarized beams, but of course superpositions are also
1 Examples are Laguerre-Gaussian-, Hermite-Gaussian-, or Ince-Gaussian-beams [37, 19, 38].
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possible, as for linearly polarized beams. Due to the high symmetry, it is sufficient to
mathematically describe the polarization of one point in the beam. The polarization
distribution in the transverse plane can then be inferred from symmetry. CVBs attracted
great attention in the scientific community and their fundamentals and applications are
described in detail in [10]. Applications related to high resolution far-field microscopy
will be discussed in section 6.2.
3.2.3 Polarization of light beams in optical fibers
Describing the exact polarization distribution of guided beams of light in optical fibers
is more complex than in free space. This is because the individual mode fields are not
necessarily uniformly polarized and different propagation constants have to be taken
into account for mode combinations.
The most simple fiber geometry is a circularly symmetric, weakly guiding fiber,
which has a very small difference between the refractive index of core and cladding
(weakly guiding fiber). The mode fields of these fibers are usually approximated by
linearly polarized (LP) modes, that can be polarized either in the x- or the y-direction,
similar to Gaussian beams in free space [35]. As is shown in figure 2.1 (a) and (b), the
(exact) fundamental HE11 modes of a weakly guiding fiber can be described quite ac-
curately by LP modes (labeled LP01), indeed. Although, the HE11 modes possess some
small field component in the direction orthogonal to the main polarization direction and
also a non-zero z-component. The latter means that these guided modes are only ap-
proximately transverse. The similarity between the HE11 and LP01 modes will decrease
if the refractive index difference between fiber core and cladding increases.
For the next-higher set of modes, also called the second-order modes [see figures
2.1(c)-(e)], it is clear that an approximation of the physical vector modes TE01, HE21,
and TM01 by LP modes cannot describe the polarization distribution well. It is inter-
esting to notice, nonetheless, that truly radially and azimuthally polarized modes are
among the second-order modes, whereby TM01 and TE01 have truly transverse mag-
netic or electric field, respectively. Therefore, using optical fibers for the generation of
CVBs appears to be a straightforward idea.
If the waveguide has a non-circular, e.g. elliptical, symmetry, the field and polariza-
tion distributions will align with respect to the symmetry axes. The shape and polariza-
tion of the higher-order modes will be much more affected than that of the fundamental
modes. To stay with the example of an elliptical geometry, the polarizations of all modes
will be aligned with one of the ellipse principle axes. Therefore, non-fundamental
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modes can be described by LP modes much better in elliptical guides [35, sec. 13-
8]. Only for high refractive index differences, deviations from the LP approximation
will again become apparent close to the interfaces between the respective waveguide
media.
In summary, one can keep in mind that the polarization distribution in fibers is strong-
ly affected by the waveguide geometry. In several situations, an approximative descrip-
tion by linearly polarized modes is justified, but one should be aware of the limitations,
especially if CVBs are considered. For a simple notation in the subsequent chapters, the
terms linearly polarized, radially polarized, and azimuthally polarized will be used to
describe the polarization of second-higher modes in fibers with circular and non-circular
geometry, depending on which of those terms best describes the relevant properties of
the specific mode.
3.3 Short overview of cylindrical vector beam generation
CVBs were introduced in section 3.2.2. In this section, a short overview of methods
for generating such beams will be given. According to the recent review of [10], the
methods can be classified into two categories, active and passive, whereby the passive
methods are further divided into those which do use an optical fiber and those that don’t.
Considering the actual part or element of the optical setup which is responsible for the
CVB generation, the different methods may be alternatively called:
1. free-beam methods (passive),
2. intra-cavity methods (active),
3. fiber-optical and waveguide methods (passive).
Without going into detail or thriving for completeness, some examples of the methods
above will be presented in the following. The focus will set on their typical advantages
and drawbacks. More details can be found in [10], for instance.
Free-beam methods
To name a few examples, a segmented wave-plate [39], a nematic liquid crystal (LC)
cell with appropriately rubbed front- and back-surfaces [40], or a spatial light modulator
(SLM) [41, 42] can be used to create CVBs from a freely propagating, linearly polarized
Gaussian beam.
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Figure 3.2 shows two examples of commercially available radial polarization con-
verter arrangements. On the left hand side of the figure, the two setups, denoted as A
andB, are depicted. Measured intensity images from positions I, II, and III are depicted
on the right hand side.
Setup A contains a fiber coupled laser source at 532 nm wavelength with a polariza-
tion-maintaining (PM) fiber and a collimating lens (CL). The polarization optics include
two polarizers (P1 and P2), whereby P1 has a fixed transmission axis along the vertical
direction and P2 can be rotated about defined angles. Between the polarizers are an
electronically controllable phase shifter (PS), which retards the upper half of the beam
with respect to the lower half, an electronically controllable nematic LC polarization
rotator (PR), and a nematic theta cell (TC) that converts the linearly polarized input
beam into an azimuthally or radially polarized beam. The emerging beam is azimuthally
polarized if the PR is inactive and the input polarization axis is vertical. The setup is
denoted as A∗ if the polarization rotator is active, which results in a radially polarized
output beam. PS, PR, and TC are parts of a single, commercially available device [43].
In setup B only the inner three polarization controlling components are exchanged
with respect to setup A. The first of these elements is a vortex plate (VP) [44], also
called spiral phase element, which adds a linearly increasing phase change from 0 to 2pi
along the azimuthal direction to the beam. The second element is a QWP and the third
element is an azimuthal polarizer (AP) [45]. The latter consists of a circular grid wire
polarizer which absorbs radial polarization components and lets azimuthal polarization
components pass. The output beam from this setup is therefore an azimuthally polarized
beam. Additional optical elements, like two half-wave plates (HWPs) [10], have to be
added if a radially polarized beam or other generalized CVBs are desired.
On the right hand side of figure 3.2 one can see the intensity images acquired by a
camera beam profiler (BP) at positions I, II, or III, respectively. As can be seen, the
phase step in either setup creates a defect line in the center of the beam. In setup A
the defect line extends through the full width of the beam while in setup B it appears
only at one half of the beam width, since the vortex phase element varies the phase
continuously expect at the step from 0 to 2pi. The middle row of intensity images shows
that the polarization can be switched conveniently between azimuthal and radial by
applying a voltage to the electrically controllable polarization rotator PR.
A key advantage of these free-beam methods is that they work in a broad wavelength
range. On the other hand, free-beam methods usually need careful alignment of the
optical elements involved, especially for LC devices, and additional spatial filtering
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Figure 3.2: (a) Free-beam setups (A, B) for CVB generation. A contains a liquid crys-
tal device consisting of electronically controllable polarization rotator (PR) and phase
shifter (PS), and a nematic theta cell (TC). When PR is activated the setup is denoted
by A∗. B involves a vortex plate (VP), a quarter-wave plate (QWP), and an azimuthal
polarizer (AP). The other abbreviations are defined in the text. (b) Measured intensity
images at various positions (I, II, III) in the setups. Darker color corresponds to higher
intensity. Abbreviations: polarization-maintaining fiber (PMF), collimating lens (CL),
polarizer 1 and 2 (P1, P2), camera beam profiler (BP).
has to be applied for good beam quality. Furthermore, thermal drift and mechanical
expansion can substantially reduce the stability of these methods. On the other hand,
methods involving SLMs are extremely versatile and allow for fast switching between
different states. In field applications, however, stability and reliability are of greater
importance than versatility.
Yet another free-beam approach is to construct a micro-structured metallic filter,
which only allows transmission of radially polarized light and reflects azimuthally po-
larized parts of the beam [46]. Although the versatility is reduced a lot and losses are
not avoidable in this case, it strongly reduces the number of optical components and
alignment necessary to produce CVBs.
Intra-cavity methods
Intra-cavity methods were the first way to produce CVBs and the first publications date
back to the 1970s [47, 48]. The only application mentioned in these publication is low-
loss optical transmission in metallic waveguides, which surely could not compete with
the ultra-low losses achieved in the optical fibers materials emerging around the same
time [49]. One can therefore understand that not much consideration was given to these
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exotic laser modes. However, as more applications for CVBs appeared, many adapted
and optimized intra-cavity methods were developed. An overview can again be found
in [10].
Intra-cavity methods provide a good beam quality since the beam shape is directly
determined by the geometry of the cavity. On the other hand, these methods require a
well-trained operator for alignment, they can only produce quasi-monochromatic radi-
ation, due to the small line width of a laser, and they are less flexible when it comes to
changing the output polarization. Furthermore, the equipment for such devices is usu-
ally quite expensive. If at least one particular CVB can be created by such a method,
free-beam methods can also be applied in conjunction with intra-cavity methods to con-
vert a radially polarized beam into an azimuthally polarized one, for instance.
Recently, highly compact vertical cavity surface-emitting lasers (VCSELs) were pre-
sented that emit CVBs directly [50, 51]. Although the beam quality still needs improve-
ment, these emitters could be combined in novel integrated sensors and other devices.
For example this approach could benefit near-field optical microscopy by constructing
integrated light emitting near-field probes, as was proposed earlier by Heisig et al. [52].
Another current approach is to apply Yb-doped few-mode fibers as gain medium and
mode selector in the laser cavity. Reports of this can be found in [53, 54, 55, 56, 57].
[57] also demonstrated that the output mode of the laser can be switched in a controlled
manner by simply applying pressure to the fiber. A purely fiber-optical laser which
allows selection of radially or azimuthally polarized modes was presented recently in
[58]. Of course, fiber-lasers have properties of both intra-cavity and fiber-optical meth-
ods, but since they incorporate active light generation, they have been placed in this
section.
Fiber-optical methods
In comparison to the methods described above, fiber-optical methods for CVB genera-
tion have the advantage that the output intensity and polarization distribution can poten-
tially be controlled completely inside the fiber and no adjustments have to be made to
the optical path after the fiber output in order to change the output polarization. There-
fore, the direction of a collimated output beam from the fiber is very stable. Additional
spatial filtering can be avoided, since the fiber already provides a suitable cylindrical
beam symmetry.
An overview of fiber-optical methods to generate CVBs is given in section 3.4. One
particular example of CVB generation by an optical fiber is given in figure 3.3. The
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Figure 3.3: (a) Setup with optical two-mode fiber (TMF) for CVB generation. (b) Beam
intensity photographs taken from the paper screen (S). Abbreviation: polarization main-
taining fiber (PMF), collimating lens (CL), polarizers 1 and 2 (P1, P2), focusing lens
(FL).
setup depicted in figure 3.3 (a) consists of similar free-beam components as for the free-
beam methods described above, but the spatial filtering and CVB mode selection is pro-
vided by an optical two-mode fiber (TMF). The most important components concerning
the polarization mode excitation are the HWP, which rotates the linear polarization in-
cident from the left, and the QWP, which converts the linear polarization to elliptical
polarization. Furthermore, the vortex plate (VP) is used to create an intensity minimum
in the beam center and to provide the appropriate azimuthal phase distribution. The
resulting beam is focused by a focusing lens (FL) on the entrance face of the TMF,
whereby the position of the focus is manipulated in three dimensions and the beam is
also tilted to achieve strong excitation of the desired CVB mode in the fiber. Addition-
ally, the two-mode fiber is bent purposefully to assist the mode selection. The alignment
is rather time consuming, but stable over hours after initial set-up. However, any addi-
tional mechanical stress to the fiber can destroy the mode purity. The steps described
here are a combination of several techniques [59, 60, 10, 61] which are described in
more detail in section 3.4.
The intensity pattern emerging from the TMF is captured on a paper screen (S) and
recored by a camera. The image colors represent the true colors as recored by the
camera. These images are shown in figure 3.3 (b). The left most image is taken without
the second polarizer (P2) and the four remaining images are taken with the polarizer.
The orientation of the polarizer transmission axis is indicated by the arrows above each
image. From the shape of the intensity patterns and their orientation with respect to the
polarizer transmission axis, radially polarized light can be identified. The intensity zero
in the beam center is also clearly visible. However, the intensity pattern without P2 is not
circularly symmetric and the intensity is not equally distributed between the two lobes
in the images with P2. Also, the polarizer transmission axis and the pattern orientation
deviate about a few degrees. Therefore, it is clear that not only the radially polarized
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TM01 mode was excited, but also other second-higher modes are present, which lead
to the imperfections that were just described. Nonetheless, there are no defect lines or
similar features distorting the beam profile, so the overall beam quality is good.
For a fair comparison to the other techniques, it has to be noticed that the fiber-optical
methods also only work within a limited bandwidth, determined by the modal dispersion
characteristics of the fiber. Also, great care has to be taken to reach high polarization
purity, which is harder to achieve by fiber-optical techniques than for free-beam and
intra-cavity methods. For fiber-optical and intra-cavity methods one has to notice that
the polarization and intensity distributions which can be generated always depend on
the geometry and properties of the waveguide or cavity. In this regard, they offer less
flexibility than spatial light modulators in free-space.
A large part of this work is concerned with acoustic LPGs, which can be considered
as a pure fiber-optical method for CVB-generation. LPGs offer the possibility to elec-
tronically switch the output beam between different fiber modes. The input beam is
usually a linearly polarized Gaussian mode which is selectively converted to an individ-
ual higher-order polarization mode. No mechanical adjustments are required after initial
set-up for this method. These important features, along with the low cost of the neces-
sary equipment, provide a strong motivation to study the potentials of this technique in
detail.
3.4 Excitation of cylindrical vector beams in optical fibers
Different methods can be used to excite specific CVB modes in an optical fiber. Of
course, one possibility is to create a CVB outside of the fiber first and to couple it
into the fiber afterwards. There are, however, much more elegant ways for this task.
This section shall give an overview on some of those methods. There will be a lose
differentiation between methods involving free-beams and pure fiber-optical methods,
although, the distinction might be arguable in some cases.
3.4.1 Free-beam techniques
A number of different methods was introduced to excite CVBs in a two-mode fiber
(TMF) from freely propagating beams. All of these methods have to avoid the excitation
of the fundamental mode, which would disturb the cylindrical intensity and polarization
symmetry. In some methods, high losses have to be taken into account.
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One of the first methods was introduced by Grosjean et al. [62], whereby the free-
beam part of the set-up is much smaller than the fiber-optical part. In this particular
set-up, a single-mode fiber (SMF) is coupled to a TMF with a lateral offset, hence
avoiding the excitation of the fundamental mode in the latter. Since the free-beam from
the SMF could also stem from an appropriate lens system, this method is considered
a free-beam excitation for fiber CVB modes in this context [63]. The coupling effi-
ciency is low (≤ 10 %) for this approach but it is simple and stable. Later, Grosjean
et al. used a freely propagating Gaussian beam and a special step-phase-plate to excite
second-higher modes in the TMF. The mode selection is accomplished by a mechanical
polarization controller that induces arbitrarily oriented, adjustable birefringence in the
fiber [60]. This approach was further extended for the creation of broadband optical vor-
tices with 150 nm optical bandwidth [64]. The mode selectivity of these methods could
be enhanced by introducing multiple fiber bends with variable periodicity [65]. The
periodic bending induces a resonant mode coupling between individual second-higher
modes, similar to mechanical LPGs, but with much longer periods (centimeters instead
of the typical 0.1 mm to 1 mm). With this method, it is possible to create a single CVB
mode with high purity at the output end-face of a long TMF, provided that there are
only moderate bends of the fiber which do not couple power from the second-higher to
the fundamental mode.
Volpe et al. took another route by exciting CVB modes from freely propagation
Laguerre-Gaussian beams which already provide the necessary doughnut intensity pro-
file [66]. Although, there is insufficient control over which of the CVB modes is excited,
they demonstrated that any of the second-order modes can be converted to a selected one
using half-wave plates. Zhan proposes to use a spiral phase element which creates a zero
intensity in the beam center and linearly increasing phase in azimuthal transverse direc-
tion [10]. The polarization mode selection is provided by the optical fiber into which
the prepared beam is coupled.
It is also possible to selectively excite second-higher modes by only controlling the
alignment (offset and tilt) of a Gaussian beam incident on the fiber entrance face [67,
63]. The first work mentioned in this section [62] already made use of this principle.
Others have recently picked up the idea to use tilted beams to generate CVBs [68, 61]
in combination with a wave-plate in front of the TMF entrance for polarization mode
selection. Although these methods are simple in design, the alignment is quite cumber-
some and hard to imagine for use outside of a laboratory environment.
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Finally, one elegant method for CVB mode excitation in an optical fiber shall be
mentioned. In this case, the authors made use of focused ion beam patterning to produce
a grating of concentric metallic rings at the entrance of an optical fiber. The structure
acts as radial polarization filter, so the TM01 mode is excited with high purity [69].
3.4.2 In-fiber techniques
The in-fiber techniques presented here describe methods whereby a fundamental HE11
mode is excited first and converted to the chosen CVB mode afterwards by pure fiber-
optical means. If not otherwise stated, standard step-index fibers with a circular core are
used in the two-mode wavelength regime, so that the fundamental and the second-order
modes are allowed to propagate in the fiber core with similarly low loss.
Mc Gloin et al. describe a very simple approach to create annular beams with or-
bital angular momentum, which are a mixture of appropriate CVB modes, by applying
mechanical stress to a fiber [59]. While the mode coupling is not well defined in the
latter approach, Dashti and coworkers used two complementary acoustic LPGs to gen-
erate beams with orbital angular momentum in a much more controlled fashion. In this
case, the mode conversion from fundamental to higher-order modes is well defined by
the grating resonance conditions and the acoustic LPGs also allow for a control of the
phases of the output modes. Furthermore, a dispersion compensating fiber was used
instead of a standard step-index fiber to enhance the separation between the propaga-
tion constants of the second-higher modes. The latter is necessary to address individual
modes by the grating. Ramachandran et al. created one of the most stable and versatile
methods to generate CVB modes inside optical fibers so far [12]. They use mechanical
LPGs and a special index-tailored optical fiber. This fiber has even stronger separated
propagation constants for the second-order modes than dispersion compensating fibers.
Since mechanical LPGs usually have broader coupling bandwidth compared to acous-
tic LPGs (due to less grating periods), this step is necessary for selective excitation of
individual CVB modes. The enhanced propagation constant separation also makes the
CVB modes more stable against external mechanical stress to the fiber. Using simi-
lar mechanical LPGs as in [12], CVB modes were stably generated and guided in a
photonic crystal fiber in a temperature range of over 1000 ◦C. This work aims at sen-
sor applications [70]. Finally, in [71] an optically written, inhomogeneous fiber Bragg
grating (FBG) was used in conjunction with an ultra-high NA fiber which offers similar
index-splitting as the fiber developed by Ramachandran et al. The FBG reflects the TE01
at the resonance wavelength, while other modes are transmitted. Therefore, a narrow-
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band CVB mode filter is created. One could also envision a mode filter made from
multiple FBGs which reflects all but a single selected CVB mode, so that the selected
CVB mode is transmitted with high purity.
A different route to generate CVBs in optical fibers, and to stably transmit them, is
to create special optical fibers for which a selected CVB has the lowest propagation
loss. If the fiber is long enough, all other modes will be damped sufficiently to make the
fiber quasi single-mode. The first approach in this direction was taken by Uebel et al.,
who developed a photonic crystal fiber with a solid gold core [72]. This fiber features a
bandwidth of 1100 nm in which the TE01 mode has the lowest loss. A photonic crystal
fiber with similar properties, but made without metal core, is described in [73], and
yet another fiber, with a hollow core and featuring a photonic band gap structure, is
presented in [74].
3.5 Polarization control in optical fibers
While the polarization distribution of a collimated beam of light does not change in
free space, it will be easily disturbed if it propagates in an optical fiber. On the one
hand, except for degenerated modes, the phase velocity of the guided modes differs,
making a certain polarization distribution appear and disappear periodically along the
fiber. On the other hand, geometrical imperfections and material anisotropies can induce
an additional change of the phase velocities and can couple power between different
modes. External causes for anisotropies can be mechanical stress, like bending or twist
of the fiber, but also temperature changes or strong electric or magnetic fields acting
upon the fiber. Therefore, the polarization distribution in an optical fiber is harder to
control than in free space. This section will give a short overview of how the state of
polarization can be maintained in optical fibers.
3.5.1 Phase matching and the beat length
For an optical fiber to truly maintain the state of polarization, only modes of the same
phase velocity must be excited. Otherwise, the relative phase between the modes will
vary along the fiber, which leads to a change of the polarization. The length along which
two modes restore their initial phase relation is called the beat length, which is defined
as:
Lb =
λ
neff,1 − neff,2 =
2pi
β1 − β2 . (3.9)
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In the above equation, λ is the vacuum wavelength, and neff,1 and neff,2 are the effective
indexes of the corresponding modes labeled 1 and 2, and β1 and β2 are the corresponding
propagation constants.
If the fiber has perfect circular geometry and no material anisotropies are present, the
orthogonally polarized modes of the HE or EH type of the same order are degenerated,
which means that they have the same propagation constant and travel at the same ve-
locity. For example, the even and odd HE11 modes (HE
e
11, HE
o
11) shall be considered.
These are two polarization modes of the same order and type. If only the HEe11 and
HEo11 mode are excited in the fiber, the polarization distribution they create, given by
their amplitude and phase, will propagate through the fiber unchanged. The equality of
their propagation constants means that they are phase-matched. Phase-matched waves
can exchange power easily at any disturbance of the material or geometry of the waveg-
uide, because they can interfere constructively if they are coupled by the fiber medium.
Often, the two modes in question have different propagation constants and a beating
will occur, as described above. For example, this will be the case if the fiber is intrinsi-
cally linearly birefringent. Linear birefringence is a special form of anisotropy whereby
two waves that are polarized along the two orthogonal birefringence axes have different
velocities. Therefore, the polarization of a superposition of such two modes will change
periodically along the fiber. In the presence of anisotropy, the polarization is constant
only if a single polarization mode is excited in the fiber. The polarization mode must be
aligned with respect to the anisotropy to avoid coupling to other modes.
To describe polarization mode coupling in optical fibers, coupled mode theory (CMT)
for co-directionally propagation modes can be used. CMT was introduced in section 2.5,
but only scalar changes to the electrical permittivity of the waveguide were treated there.
To calculate the coupling coefficients for general (electrical) anisotropies of the fiber,
one has to use the full tensorial CMT [34]. The latter is beyond the scope of this work,
though. Nonetheless, the phase matching condition (equation 2.27) remains valid inde-
pendently of the cause for the mode coupling, which reads:
δ = ∆βνµ ± 2pi/Λ = 0. (3.10)
δ is called detuning and describes the mismatch between the propagation constant dif-
ference ∆βνµ (between the modes ν and µ) and the spatial frequency K = 2pi/Λ of
the permittivity disturbance along the propagation direction. For a general disturbance,
one can expand the latter in a Fourier series of spatial frequency components [21]. As
was discussed in section 2.5, a significant transfer of power can only be achieved at
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δ ≈ 0, corresponding to phase matching. It is therefore easy to see from equation 3.10
that higher spatial frequencies are necessary if the difference between the propagation
constants ∆βνµ is increased. Since higher spatial frequencies are less likely to occur
from random permittivity disturbances, one can use this insight to construct waveguides
which suppress random mode coupling by increasing the propagation constant splitting
between polarization modes. In fact, this is exactly the way polarization-maintaining
fibers work [36]. The mode coupling between certain mode pairs might be stronger or
weaker compared to others, depending on the type of the modes and the kind of the
permittivity disturbance. But in any case, the higher the propagation constant splitting,
the lower is the efficiency of random mode coupling.
3.5.2 Polarization-maintaining single-mode fibers
Often, one wants to transmit a linearly polarized beam through an optical fiber. This
can be accomplished by polarization-maintaining (PM) single-mode fibers. PM-SMFs
have been studied extensively already in the 1970s and 1980s [75, 76, 77]. The book of
Rogers [36] provides an excellent introduction to the topic.
PM-SMFs only guide the even and odd HE11 modes. To prevent mode coupling, the
propagation constants of the HE11 modes are artificially separated strongly by either
geometrical or stress-induced linear birefringence. The latter is the preferred choice if
the PM fiber is to be coupled to standard SMFs, since both have a circular core geometry.
Nowadays commercially available PM-SMFs have beat lengths between the even and
odd HE11 modes of 2 mm or less [78, 79]. At a wavelength of 850 nm this corresponds
to an effective index difference of ≈ 4× 10−4.
3.5.3 Higher-order mode polarization-maintaining fibers
Standard polarization-maintaining (PM) fibers use geometrical or material birefringence
to split the propagation constants of orthogonally polarized fundamental modes. For the
second-order modes (TE01, HE
e
21, HE
o
21, and TM01) this approach will also split the
propagation constants. However, it will not provide an equal splitting between all four
modes. Instead, two pairs of modes will result, either one made up of two orthogonally
polarized modes which have only weakly separated propagation constants, as for the
isotropic circularly symmetric case. The splitting will occur for both types of birefrin-
gence, although geometrical and material birefringence are different in nature and need
careful differentiation [80]. The symmetry breaking can also alter the field and polar-
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ization distribution of the eigenmodes. Therefore, conventional PM fibers that rely on
birefringence are not suited to preserve CVB modes.
The role of the refractive index profile and magnitude
If one keeps a circularly symmetric waveguide structure to aid the propagation of CVB
modes, there will be no splitting between the even and odd hybrid modes (HE and EH).
However, two modes in the second-order group are of different type, namely the TE01
mode and TM01 mode. Therefore, these modes already have different propagation con-
stants, although the separation is small. For example, the effective index differences
between the second-higher modes is below 2× 10−6 for the mode fields of a standard
weakly guiding fiber presented in figure 2.1. An effective index splitting of 2× 10−6
corresponds to a beat length ≥ 40 cm at 850 nm wavelength. Physically, one can un-
derstand the difference between the propagation constants as a result of the different
boundary conditions for the electrical fields at the core-cladding boundary. In the case
of the TE01 mode, the electric field is parallel to the boundary (azimuthal direction) and
in the case of the TM01 the electric field is perpendicular to the boundary (radial direc-
tion). The higher the difference between the indexes of the fiber materials, the stronger
is the propagation constant splitting. But standard optical fibers have rather low refrac-
tive index differences, wherefore the propagation constants of the TE01 mode and TM01
mode are very similar.
Ramachandran et al. proposed an optimized circularly symmetric refractive index
profile which provides an extraordinary splitting of the second-order modes [11]. Apart
from higher refractive index differences than in standard weakly guiding fibers, Ra-
machandran et al. make use of another insight, which is that the propagation constant
splitting depends on the overlap of the field and field gradient with the refractive index
profile. This reads as [35, tb. 14-1, p. 305]:
I1 =
c∫∞
0
rF1
2dr
∫ ∞
0
rF1(dF1/dr)(df/dr)dr (3.11)
I2 =
1 · c∫∞
0
rF1
2dr
∫ ∞
0
F 21 (df/dr)dr. (3.12)
In the equation above, I1 and I2 are correction integrals for the calculation of propa-
gation constants for vectorial second-higher modes compared to a scalar theory which
does not take polarization effects into account. The function F1 is the radial field distri-
bution of the second-order modes, f is the refractive index profile, and c is a constant
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factor. The difference between the propagation constants is now expressible as [35,
tb. 14-1, p. 305]:
β(TE01)− β(HE21) = I2 − I1 (3.13)
β(HE21)− β(TM01) = −I1 − 3I2. (3.14)
From equation 3.13 and 3.14, it becomes clear that higher values of the integrals I1 and
I2 and a large difference between them will increase the polarization mode splitting of
the second-higher modes. This requires that the refractive index profile is adapted to the
desired mode fields. Hence, for the ring-shaped fields of the second-order modes, a ring
shaped index profile is appropriate [11]. The dependence of the propagation constant
splitting on different geometrical parameters of the refractive index profile is studied in
chapter 4 in more detail.
Ramachandran et al. achieved an effective index splitting of 1.8× 10−4 which is al-
most independent of wavelength [12, 11]. This is close to the splitting between the
fundamental modes in commercially available PM-SMFs. Consequently, the specially
designed fibers of Ramachandran et al. prevent mode coupling between the CVB modes,
even if the fiber is bent with radii down to a few millimeters. This bent-resistance was
also confirmed later by a direct observation of the mode fields emerging from a sim-
ilar fiber which was bent at defined radii [81]. In the latter work, the lowest bend ra-
dius which could be achieved without noticeable mode coupling between second-higher
modes was as low as 7 mm.
3.6 Summary and conclusions
This chapter dealt with the polarization of light in free space and in optical fibers. Stokes
parameters and their relation to the polarization ellipse were given as a mathematical
framework. Afterwards, polarization properties of freely propagating and guided beams
of light were discussed in order to provide the terminology for subsequent parts of this
work. Along with this, cylindrical vector beams were introduced and some methods
to generate them were discussed. Since this work deals with fiber optics, fiber-optical
methods were given more weight then other methods. As was pointed out in this chapter,
fiber-optical methods have several advantages compared to free-beam and intra-cavity
methods. They offer good beam quality, and hence do not require spatial filtering of the
output beam, the direction of the output beam is stable, and the polarization distribution
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can be controlled completely inside the optical fiber. Finally, the basic principles of PM
fibers for fundamental and selected higher-order modes were discussed.
A similar fiber is also used in this work in conjunction with an acoustic LPG to
generate second-higher modes. Consequently, the following chapters will deal with
simulations of the fiber mode fields and their propagation constants, the construction
and test of the acoustic LPG, and finally with an application to high-resolution far-field
microscopy, respectively.
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4.1 Introduction
This chapter deals with the numerical simulation of specially index-tailored optical
fibers, which were originally developed by Ramachandran et al. [11]. These fibers of-
fer greatly enhanced stability for the second-order guided modes compared to typical
commercially available single-mode or few-mode fibers. The stability originates from
an enhanced propagation constant splitting which comes with an optimized, M-shaped
step refractive index profile of the special fiber. Ideally, the geometry of the fiber core is
circular, or in other words rotationally symmetric, so the mode fields will also acquire
this symmetry. Therefore, this fiber provides means to stably excite and guide cylindri-
cal vector beams, like radially and azimuthally polarized doughnut modes, which are
very attractive for numerous applications [10].
For a circular core geometry, the mode fields and mode propagation constants can be
described analytically, whereby transcendental equations have to be solved. Solving the
latter is the only step which requires numerical calculations. Examples of such quasi-
analytical calculations are given in [82, 26], for instance. If the geometry deviates from
the rotationally symmetric (circular) case, numerical methods have to be involved. For
example, an overall ellipticity of the special fiber core was already discussed in [83,
84]. However, these works did not include the wavelength dependence of the martial
properties (material dispersion) and there was only an equal ellipticity assumed for the
whole core geometry. The present work extends the work in [83, 84] by including
different ellipticity values for individual material boundaries in the fiber core geometry
and also models material dispersion. The present model also allows for a rotation of
individual core boundaries, which is regarded as a first step towards an understanding
of more general fiber core deformations. The MMP method is used for the simulations
and the most important information about the model implementation are given. The
propagation constants and field distributions for individual fiber modes are the direct
results of the simulation. As will be shown in this chapter, the propagation constants of
the second-order core modes of the special fiber are quite sensitive to distortions of the
geometry. This is important, since the propagation constant splitting between individual
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modes determines the polarization-maintaining properties of the special fiber and it is
the key property to design fiber gratings for inducing selective mode coupling. On top
of that, geometrical imperfections induce a separation of otherwise degenerate modes,
which has implications for the use of these fibers in applications that require polarization
insensitive mode coupling [11, 85]. The polarization of individual mode fields is also
greatly influenced by core deformations, which changes the coupling strength for some
mode pairs in long-period gratings. Certain deformations can even enable coupling
between mode pairs which are not allowed to couple in circular or elliptical fibers,
although the long-period grating creates only a scalar permittivity perturbation.
The simulations presented here have multiples goals. Firstly, an improved under-
standing of the propagation constant splitting in the second-order modes and how it is
influenced by geometrical parameters is desired. Based on these results, the geometrical
core design could be optimized in the future to maximize the propagation constant split-
ting for the desired wavelength range. Secondly, the effects of core deformations shall
be studied, which is necessary to qualitatively predict the coupling strength between
certain mode pairs in long-period fiber gratings used in chapter 5. Furthermore, the
wavelength dependence of the propagation constants needs to be calculated to predict
the necessary grating periods.
Therefore, the outline of this chapter is as follows. First, an appropriate model geome-
try will be developed to describe the core of the optical fiber which is used in subsequent
chapters of this work. The simulation results will then be presented for an increasing
model complexity, starting from rotationally symmetric core boundaries, including el-
lipticity of the boundaries afterwards, and treating rotated elliptical boundaries at the
end. Finally, the results are summarized and conclusions for the following chapters are
drawn.
4.2 Model geometries for index-tailored optical fiber
4.2.1 Special fiber and fabrication
The special index-tailored fiber (SF) used for this work was fabricated using modified
chemical vapor deposition (MCVD) at the Institute for Photonic Technologies (IPHT),
based in Jena, Germany. Figure 4.1 (a) shows an scanning electron microscope (SEM)
image of a cleaved piece of the SF. The core area gives a faint material contrast, due
to doping with GeO2 and fluorine. GeO2 is used to produce a higher index compared
to fused silica glass, while the index is lowered when fluorine is used. Figure 4.1 (b)
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Figure 4.1: (a) SEM image of the special fiber. Image height and width correspond
to 90.6 µm. (b) SEM image of the fiber core. Image height and width correspond to
6.53 µm. (c) Fitted ellipses overlaying SEM image of the core. Straight lines originating
at the ellipse centers mark the major (long) ellipse axis. All SEM images recorded by
Y. Ritz. (a) first published in [86, DOI:10.1117/12.2009585].
shows the core area with higher magnification. The refractive index profiles described
in [11, 12] served as template for the present SF. However, the SF described here is
drawn to a thinner outer diameter of about 82 µm. This reduces the size of the fiber
core, thereby limiting the number of bound core modes. This is necessary for use of
the SF at visible and near-infrared wavelengths. In comparison, the fibers presented in
[85, 11, 12] are designed mainly for use at wavelengths above 1 µm.
The fiber core consists of three domains, which are called: (inner) core, trench, and
ring (or outer core), from the center to the periphery. They are labeled in figure 4.1 (c).
The outer part of the fiber is called the cladding, which is pure fused silica glass. There
is also a small region of reduced refractive index in the center of the inner fiber core,
where the refractive index drops to that of the cladding. This is a consequence of the
fabrication process. Since this defect could be hardly determined from the SEM images,
it is not considered further.
Figure 4.2 (a) depicts the radial distribution of the refractive index of the core relative
to the index of the cladding. The index values are provided by the fiber manufacturer.
A step-like refractive index profile is assumed and the step height is considered to be
independent from the optical wavelength. However, the refractive index of the cladding
varies with wavelength. The Sellmeier dispersion formula is used to model the wave-
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Figure 4.2: (a) Model of the refractive index profile for the special fiber (SF). ∆n
corresponds to the refractive index difference of individual core domains with respect
to the refractive index of the cladding. (b) Definition of ellipse parameters for numerical
modeling of the fiber.
length dependence, which reads [87, ch. 33, sec. 25]:
n2(λ)− 1 =
lMax∑
l=1
Al · λ2
λ2 − λ2l
. (4.1)
Typically, l goes from 1 to 3. The empirical parameters Al and λl for fused silica glass
listed in [87, Table 23] are used for the cladding refractive index in this simulation. The
parameters describe the refractive index in a wavelength range from 210 nm to 3710 nm.
4.2.2 Elliptical core boundaries
From inspection of figure 4.1 (b) one finds that the differently doped core areas have
approximately elliptical boundaries. The refractive index profile can be considered to
be symmetric with respect to the central axis of the fiber (also referred to as optical
axis), however, the boundary radii (rC, rT, and rR for inner core, trench and ring, in the
given order), are functions of the polar angle ϕ and the parameters a, b, and α for each
elliptical boundary. An expression for r(ϕ) can be found by starting with the parameter
form of a rotated ellipse:
c(t, α, a, b) =
(
cx
cy
)
=
(
a cos t cosα− b sin t sinα
a cos t sinα + b sin t cosα
)
. (4.2)
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Table 4.1: Measured boundary ellipse parameters: a (b) semi major (minor) axis length,
ellipticity , and rotation angle α relative to rotation of ring boundary. Minimum and
maximum measured values are given in square brackets.
Boundary 2a 2b (a, b) α− αR
in µm in µm in ◦
Inner core 2.77 [2.71, 2.81] 2.58 [2.51, 2.66] 0.369 [0.324, 0.440] 26.7 [12.0, 37.8]
Trench 4.26 [4.19, 4.33] 4.04 [3.98, 4.08] 0.320 [0.263, 0.393] 22.9 [6.6, 31.4]
Ring 6.02 [5.95, 6.13] 5.74 [5.62, 5.82] 0.301 [0.259, 0.328] 0
The curve parameter t takes values in the interval [0, 2pi]. Using tanϕ = cy/cx, t can
be expressed by ϕ, a, b, and α as:
tan t =
b
a
· tanϕ cosα− sinα
tanϕ sinα + cosα
. (4.3)
This step was suggested by Marek Rjelka. By solving equation 4.3 for t and substituting
into equation 4.2, an expression for r(ϕ) =
√
c · c can be given.
The ellipse parameters of each boundary can be found by using a particle mea-
surement method of the ImageJ software [88, Analyze Particles] on three individual
SEM images. Apart from 2a, 2b, and α, an offset x0 and y0 of the ellipse origin,
is allowed in the fitting process. For each piece of fiber, the absolute offset |r0| =√
(x0 − x0)2 + (y0 − y0)2 of an individual ellipse with respect to the average center
position of all three ellipses (x0, y0) is calculated. For all fitted ellipses and each piece
of the SF, |r0| is below 4 % of 2aC. Therefore, the offsets are neglected and all ellipses
are considered to have a common origin, centered on the optical axis.
Table 4.1 gives the values of the major and minor axis lengths (2a, 2b), the resulting
eccentricity  =
√
1− b2/a2, and the rotation angle α relative to that of the ring bound-
ary αR. Along with the average values from the three SEM images, the minima and
maxima of these values are given.
This table provides some information about the accuracy and the reproducibility of
the parameter determination. For example, the maximum relative difference of all mea-
sured axes lengths from their respective average is only 3.2 %. On the other hand, the
fitted rotation angles deviate much more, probably because the eccentricity is very low
and the ellipse shapes are close to circles. This makes a determination of the rotation
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angle prone to errors. For a more solid statistical analysis, more SEM images would be
required and it has to be considered that the individual fit parameters are not indepen-
dent of each other. Nonetheless, the good agreement between measured SEM images
and the fitted elliptical material boundaries, which are depicted in figure 4.1 (c), shall
suffice as motivation for building a computer model of the fiber core based on the ob-
tained parameters.
4.2.3 Overview of the applied MMP Models
As described in section 2.4, the MMP software OpenMaX is used for the simulations.
Based on the ellipse parameters obtained from SEM images, computer models of the
fiber core of different complexity can be created. To gain an understanding of the rela-
tionship between the modal properties, namely the effective index dispersion [neff(λ)]
and polarization and intensity distributions, and the geometrical parameters of the fiber
core, it is useful to start with simplified geometries and increase the level of complexity
afterwards. The most simple case is achieved, if the ellipticity of the material bound-
aries is neglected, so that they are considered to be circular. By requiring that the circle
radius rc fulfills rc =
√
ab, the circles have the same area as the initial ellipses. Of
course, a rotation of the boundaries around the optical axis has no effect if they are
circles. In a second step, the ellipticity can be included, but without a rotation of the
ellipses. Finally, the general case of rotated ellipses is considered. This approach yields
valuable insight into the meaning of the various model parameters. Furthermore, the
computational effort is minimized, since effects, which are common to all models at
different levels of complexity can be studied for the simple circular case first.
For all models, a harmonic time-dependence is assumed, which describes an infinitely
extended waveguide. This means that only two dimensions are modeled explicitly and
corresponding 2D-expansions have to be chosen. The cladding-to-air interface is also
not modeled, since it has negligible effect on the core modes. In other words, an infinite
cladding is assumed.
In the first model (circular boundaries) there are only six expansion functions neces-
sary to describe the modes of the fiber. A Bessel function for the inner-most domain
(the inner core), a Bessel and a Hankel function (2D-multipole) for the trench domain
and for the ring domain, and a single Hankel function for the (outer-most) cladding
domain. Due to the symmetry of the problem, all expansions are placed at the origin
(on the optical axis). This configuration is equivalent to solving the problem analyti-
cally. Nonetheless, the eigenvalue problem for the propagation constants has to be dealt
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with numerically in all cases. There are two symmetry planes which are used to reduce
computational effort. Therefore, the boundaries are only explicitly defined for the first
quadrant in the x-y-plane, with z being the direction of propagation. The other three
quadrants are modeled implicitly. The order of each expansion is chosen to represent
the corresponding mode and does have to agree with the symmetry properties of the
model, namely the transverse electric field must be either parallel or perpendicular at
a symmetry plane. For TE0 and TM0 modes, the order is 0, while for HEi and EHi
modes the order i is a positive integer number starting from 1.
For the second model (elliptical boundaries of different eccentricities and with major
axes aligned with the x-axis), single expansion functions do not fulfill ME any more
at the boundaries. Hence, a number of 2D-multipoles has to be distributed along each
boundary to approximate the fields inside each domain. The two symmetry planes are
still used to reduce the computational effort, and again only the first quadrant of the
x-y-plane is modeled explicitly. The placement of the multipoles is done automatically
by the OpenMaX software. Since the eccentricity of the ellipses are low and there are
no sharp corners for any of the boundaries, manual positioning of the expansions is
not necessary. Seven multipole expansions (per boundary and per domain) of order 0
to 2 are sufficient to produce average relative errors along the boundaries on the order
of 10−8 or even below, depending on the specific mode, accuracy of the calculated
eigenvalue, and the choice of the last expansions (the field excitation).
In the last model (rotated elliptical boundaries of different eccentricities) there are
no symmetry planes that can be used1. Therefore, four times as many expansions are
required to achieve the same accuracy as in the second model and the full ellipses have
to be modeled explicitly. The multipole placement is again done automatically.
The following discussion is focused on the propagation constants and their differ-
ences, especially between the fundamental HE11 modes and the second-order mode
group. The second-order mode group consists of TE01, HE21, and TM01. The propa-
gation constants determine the polarization preservation properties of the fiber and are
necessary for designing long-period fiber gratings for efficient mode conversion. For
some selected cases, the corresponding mode fields will also be presented.
1 As noticed by Christian Hafner, the model still has a cyclic symmetry, which means that it is transformed
onto itself upon rotation of 180◦ around the z-axis.
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4.3 Simulation results for circular core geometry
In this section, the influence of the core size and the size of individual core domains for
a circular core geometry are discussed. Furthermore, the wavelength dependence of the
effective mode indexes are considered. It is helpful, however, to first get a view of the
modes that will be discussed further below.
4.3.1 Mode fields
Figure 4.3 shows the mode fields of all propagating (bound) core modes at a wavelength
of 785 nm. For the HE11 and HE21 modes, the odd and even version are shown explic-
itly, although they are degenerated with respect to their propagation constant. Higher-
order modes are also depicted in 4.3 (g) to (k), however, only the odd versions are
included there. Apparently, the intensity of all modes is concentrated in the areas of
high refractive index, which are the inner core domain and the ring domain. The bound-
aries are indicated by thin quarter circle lines in the upper right quadrant of the images,
which can best be seen in the images of the HE11 modes.
4.3.2 Scaling of the core radii
The key properties of the geometrical core design are the boundary radii rC, rT, and
rR, as defined by figure 4.2 (b). First, all radii are equally scaled by a factor sall so that
(rC, rT, rR) 7−→ sall · (rC, rT, rR). sall takes values in the range from 0.23 to 1.51 and
the resulting normalized propagation constants will be studied. Afterwards, individual
radii are scaled.
The goal of the simulations in this section is to maximize the splitting between the
modes of second order, which is responsible for the polarization preservation properties
for these modes, by finding optimum boundary radii. The results could thus be used
to optimize the fiber structure in the future, but they are also intended to find possible
limits of the applicability regarding the index profile developed by Ramachandran et al.
[11]. The wavelength is chosen to be 785 nm in all calculations.
Figure 4.4 (a) shows the normalized propagation constant beff plotted against the scal-
ing factor sall. The curves are labeled with their respective mode designations. For
sufficiently small scaling factor (≈ 0.44), only the fundamental HE11 mode is able to
propagate. For higher values of seff , the second-order modes TE01, HE21, and TM01
appear in the given order. Beyond sall = 0.65, more modes appear, however, these
are of little interest for this work. The distance between the normalized propagation
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constants of second-order and higher-order modes should stay much larger than the
distances within the second-order mode group, to avoid mode coupling to higher-order
modes and preserve the polarization. In the range from 0.44 to 1.5 for seff , this condition
is fulfilled.
In figure 4.4 (b), ∆beff |HE21 = beff−beff(HE21) is plotted against sall. This plot clearly
shows the difference between the normalized propagation constants in the second-order
mode group. The splitting is small around sall ≈ 0.5, but quickly increases with grow-
ing sall. The maximum splitting is achieved around 0.8, beyond which the splitting
(a) HEe11 (b) HE
o
11 (c) TE01
(d) HEe21 (e) HE
o
21 (f) TM01
(g) HEo12 (h) HE
o
31 (i) EH
o
11 (j) EH
o
21 (k) HE
o
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Figure 4.3: (a)-(f) Mode intensity and polarization patterns of the six lowest-order
modes of the special fiber at 785 nm for circular boundaries. (g)-(k) higher order modes
(only odd). Image height and width amount to 8 µm.
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decreases monotonically. This means that the fiber core size is close to the ideal value,
but could be optimized by a reduction of the core size to about 80 % of the original size.
Next, an individual scaling of the inner core radius rC 7−→ sC · rC is considered. sC
takes values from 0.45 to 1.54. For increasing sC, the inner core boundary approaches
the trench boundary until they coincide at sC = 1.54, for which the area of the trench
domain goes to zero. The corresponding results are given in figure 4.5 (a). Except for
the HE11 mode and the EH11 mode, beff is hardly influenced by sC between 0.5 to 1.0.
For the HE11 mode, beff comes closer to the second-order modes, but also settles at an
almost constant level around sC = 0.5. That the values for beff tend to a constant value
for small sC means that the influence of the inner core domain decreases. In fact, the
portion of the optical fields near the core is also reduced. For sC ≤ 0.9, the intensity
maximum of the HE11 mode is not located in the inner core anymore, but in the outer
ring core area.
Inspecting the difference of the propagation constants in the second-higher oder mode
group depicted in figure 4.5 (b), one finds that the effective index splitting is increased,
when rC is reduced. The splitting settles at a constant value, as the influence of the
inner core vanishes. On the other hand, increasing rC, which increases the inner core
area and simultaneously reduces the trench area, reduces the effective index splitting
considerably. One can therefore expect to achieve a maximum splitting if the inner core
(a) (b)
Figure 4.4: (a) Dependence of normalized propagation constant on equal scaling of all
boundary radii by common factor sall. (b) is like (a) but shows the normalized propaga-
tion constant relative to the HE21 mode.
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(a) (b)
(c) (d)
(e) (f)
Figure 4.5: Normalized propagation constant under scaling of individual boundary radii:
(a) and (b) for inner core boundary (rC 7−→ sC · rC); (c) and (d) for trench boundary
(rT 7−→ sT · rT); (e) and (f) for ring boundary (rR 7−→ sR · rR). (b), (d), and (f) show
the normalized propagation constant relative to the HE21 mode.
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would be removed completely. However, in this case, the HE11 mode would lose its
similarity to the fundamental, Gaussian-like HE11 mode of standard single-mode fibers.
This would complicate the excitation of the HE11 mode in the SF, which is of high
practical importance. Considering the marginal possible extra splitting, it appears that
the inner core radius is already chosen well.
The results for the the trench boundary scaling (scaling factor sT : rT 7−→ sT · rT)
are depicted in figure 4.5 (c). When sT is reduced, the area of the ring core domain is
increased and the area of the trench domain is decreased, and vice versa. sT is varied so
that sT · rT stays within the interval [rC, rR]. For sT ≤ 1.0, the propagation constant of
the fundamental and second-order mode group increases, but the distance between the
groups is almost constant. The distance between the second-higher and other modes is
also hardly effected in this range. For increasing sT, however, the propagation constant
of the HE12 mode comes very close to those of the second-higher mode group, which
should be avoided. Furthermore, for very high values of sT, the area of the ring do-
main gets too small to accommodate guided mode fields and therefore, the higher-order
modes run into cutoff.
Figure 4.5 (d) shows the corresponding propagation constant difference in the second-
order mode group. There appears to be an optimum value for sT with maximum splitting
around 1.09. For higher or lower values of sT, the splitting decreases strongly.
The last scaling factor sR corresponds to the radius rR of the outermost boundary
separating the ring core from the cladding. The results in figure 4.5 (e) show an almost
reversed behavior as for a scaling of the trench boundary radius. This is understandable,
since both parameters change the area of the ring domain in opposite ways. A reduction
of rR also reduces the overall core area, especially the areas with high refractive index,
which guide most of the optical power, and therefore, the higher-order modes run into
cutoff for low values of sR.
The splitting between the modes in the second-order modes is depicted in figure 4.5 (f).
It shows that the maximum splitting is achieved, if rR is reduced to about 95 % of its
original value. So like in the case of scaling the the trench boundary radius, a reduction
of the area of the ring domain results in the optimal splitting between the second-higher
oder modes.
In conclusion, the present core geometry appears to be close to ideal for a large split-
ting between the modes of the second-higher mode group at 785 nm wavelength. A
slight improvement is possible through an equal reduction of all boundary radii. Simul-
taneously, this would reduce the number of higher-order modes. The maximum split-
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ting occurs about for the same scaling factor at which the modes above the second-order
mode group reach cutoff. Further, a reduction of the outer ring radius might additionally
improve the result, but it can be expected that the results are not independent from each
other, and the area of the ring domain will be reduced by an equal scaling of all radii as
well.
A visual interpretation of this optimization is already given in section 3.5.3, where
higher-order polarization-maintaining fibers are discussed. The maximum splitting be-
tween the modes in the second-order group (LP11) is achieved, when the gradients of
the radial field distribution and the refractive index profile yield the maximum overlap
integral. This seams to be very well fulfilled for the present fiber structure already, so
it is not surprising that the geometry is close to being ideal for a high effective index
splitting. In turn, this means that there is not much room for improvement considering
the boundary radii.
4.3.3 Wavelength dependence
So far, all calculations were carried out for a constant wavelength. An equal scaling of
all core boundaries is, nonetheless, equivalent to changing the optical wavelength (or
frequency). In fact, the scaling parameter sall is proportional to the frequency because
of the scale-invariance of ME. However, material dispersion is not taken into account
by this approach. Therefore, the wavelength dependence of the effective mode indexes
is calculated explicitly taking into account the wavelength dependence of the cladding
refractive index by the Sellmeier dispersion formula (equation 4.1). The refractive index
differences with respect to the other domains are assumed to be constant and indepen-
dent of wavelength.
Figure 4.6 (a) shows neff plotted against wavelength λ. The mode labels are ordered
from top to bottom in the order of the mode cutoffs (where neff = nCl), starting at higher
wavelengths. The inset figures show blow-ups of the cutoff ranges. Dashed lines indi-
cate the cladding refractive index nCl and the inner core refractive index nC. The results
are very similar to those for the equal scaling of all boundary radii. At a wavelength of
785 nm, six hybrid modes (either EH or HE) and the TE01 and TM01 mode exist. The
hybrid modes are twofold degenerated between even and odd modes. Only the funda-
mental HE11 modes and the second-order mode group are of practical importance for
this work. The presence of such a high number of additional modes makes selective
mode excitation much more difficult. At about 750 nm, even more higher-order modes
are above cutoff and the effective index separation between all modes continuously de-
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(a) (b)
Figure 4.6: (a) Wavelength dependence of the effective mode index for circular core
boundaries. (b) is like (a) but shows the effective index difference between fundamental
HE11 mode and the second-order modes.
creases with the wavelength, which can lead to stronger coupling between modes from
external disturbances to the fiber. Therefore, working at higher wavelengths seems ap-
pealing. However, the wavelength is often determined by the specific application and
cannot be chosen arbitrarily.
From neff , the effective index difference between fundamental HE11 mode and the
modes in the second-order group, defined as ∆neff = neff(HE11) − neff , can be calcu-
lated. This quantity determines the resonance condition for selective mode-coupling in
LPGs. In turn, ∆neff can be determined experimentally from LPG transmission mea-
surements, as discussed in section 5.4.1, which allows a comparison between calculated
and measured results. It also shows the separation between the modes in the second-
order group, which is very important for the polarization-preserving properties of the
fiber. Figure 4.6 depicts the calculated results for ∆neff . From 650 nm to 1200 nm,
∆neff increases almost linearly for the modes in the second-order group. The split-
ting between the three modes changes only slowly with wavelength in this range. At
785 nm, the difference between the effective index of the TM01 mode and the HE21
mode is about 1.8× 10−4 and the distance between the HE21 mode and the TE01 mode
is approximately 1.6× 10−4. These values are close to the separation between the two
polarization modes in commercial polarization-maintaining single-mode fibers. It is
striking that the separation stays almost constant over such a broad wavelength range.
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Close to the mode cutoff, the splitting of the effective indexes is reduced. It also reduces
continuously for wavelengths below approximately 1000 nm.
4.4 Simulation results for non-circular geometry
The results presented in this section are very important for understanding several of
the experimental results which are described in chapter 5 and 6 of this thesis. In fact,
if the core deformations were not taken into account, no useful comparison could be
made between the simulation results and the experimental results. The reason for this
is that the shapes of the mode fields change dramatically if the core geometry is no
longer circular. Already small deviations have significant effects. Apart from the mode
fields, the propagation constants change, which is due to the geometrical birefringence
of a non-circular structure. Only in simple cases, the birefringence axes can be deduced
from the boundary geometries directly. The first step will therefore be to use the ellipse
parameters acquired in section 4.2.2, but neglect any rotation of the ellipses. In this
case, all major axes are aligned with the model x-axis and the model x- and y-axes
are aligned with the birefringence axes. If the rotation angles are taken into account,
the birefringence axes depend on the exact ellipse parameters, but also on the type of
the specific mode and on the wavelength. The latter is a rather surprising result of the
simulations.
4.4.1 Mode fields
The mode fields depicted in figure 4.7 are calculated for the case of non-rotated elliptical
boundaries with ellipse parameters according to the fit results from section 4.2.2. The
wavelength is 785 nm and the mode designations are assigned in the same order as
before, according to decreasing effective index. Thereby, these results may also be
directly compared to those of Ma in [83, 84], where the same notation is used. The
fundamental modes show a very similar shape to those for circular boundaries. The
modes in the second-higher group however, show a two-lobed intensity pattern instead
of the ring-shaped patterns. All fields are almost completely linearly polarized along one
of the axes of geometrical birefringence (x and y). This is expected from waveguide
theory for elliptical fibers [35, sec. 13-8]. However, some deviations from the main
polarization directions are visible for the second-order modes, especially in areas of
low intensity inside the ring domain. Hence, the TE01 and TM01 mode preserved some
of their azimuthally and radially polarized character, respectively, which they show for
50
4.4 Simulation results for non-circular geometry
(a) HEe11 (b) HE
o
11 (c) TE01
(d) HEe21 (e) HE
o
21 (f) TM01
Figure 4.7: Mode intensity and polarization patterns of the six lowest-order modes at
785 nm for non-rotated elliptical boundaries. Image height and width correspond to
8 µm.
perfectly circular boundaries. These features are visible because of the high refractive
index differences between the individual domains of the fiber core, compared to typical
commercial weakly guiding fibers, where the slightest non-circularity leads to linearly
polarized mode fields (see, for instance, the discussion in section 13-9 of [35]).
Figure 4.8 shows the mode intensity and polarization patterns when the rotation angle
of individual ellipses according to section 4.2.2 is included in the model geometry. The
major ellipse of the outermost boundary is parallel to the x-axis (αR = 0◦). The inner
two boundaries are rotated about the angles αC = 26.7◦ and αT = 22.9◦. It is therefore
not surprising that the intensity patterns are not aligned with the model x- and y-axis
anymore. One also notices two pronounced side-lobes in the ring-domain for the HE11
modes in figures 4.8 (a) and (b). The HE11 intensity patterns figure 4.7 (a) and (b) for the
case of non-rotated boundaries appear more circularly symmetric. It is noteworthy that
the orientation of the two-lobe patterns in all mode fields do not coincide with any of the
boundary rotation angles. This is understandable, since several boundaries influence the
mode fields. The exact dependence of the pattern orientation on the boundary angles
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Figure 4.8: Mode intensity and polarization patterns of the six lowest-order modes at
785 nm for rotated elliptical boundaries. Image height and width correspond to 8 µm.
Images from [86, DOI:10.1117/12.2009585].
is complicated due to the presence of two independent degrees of freedom from αC
and αT. The discussion will therefore stay limited to the present configuration, which
suffices to show the key features that can emerge by a rotation of individual boundaries.
The mode designations in figure 4.8 are given in the same order (sorted for decreas-
ing effective mode index) as before. However, when comparing the polarization axes of
the fundamental HE11 modes with those of the second-order modes, one finds that the
HEe11 mode and the HE
o
11 mode are reversed. Consequently, the polarization axis of the
HEe11 mode now better matches that of the TE01 and TM01 mode, while the polarization
axis of the HEo11 matches more closely that of the two HE21 modes. By closer inspec-
tion, a subtle difference between the polarization axes of the fundamental modes and
the second-order modes is found. This can be explained through the different field dis-
tributions of the two mode groups. While the fundamental modes have a large portion
of the power concentrated at the waveguide axis (inside of the inner fiber core), most of
the power is concentrated in the ring domain for the second-order modes. Hence, the
effect of the rotation angle of the inner core boundary αC is stronger for the fundamental
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modes than for the higher-order modes. It is, nonetheless, somewhat unexpected that the
higher-order modes are not polarized in the same direction as the fundamental modes,
because it is the case for most waveguide structures of practical interest [35, sec. 13-8].
From the features described above, two major implications arise for mode coupling in
acoustic LPGs. Firstly, a scalar disturbance ∆ε, as introduced by the acoustic LPG, can
now couple each of the modes in the second-order group with any of the fundamental
modes, since the electric fields in each pair of modes are not perpendicular to each other.
One can consider a new coordinate system (x′, y′), where the x′-axis is aligned to the
polarization axis of the HEe11 mode and the y
′-axis is aligned with the HEo11 mode. In
this coordinate system, the modes in the second-higher group will have nonzero trans-
verse electric field components of comparable amplitude along the x′ and along the
y′-axes. The integral defined in equation 2.23 for the transverse coupling coefficients
can therefore yield a nonzero value for any of the mode combinations if a suitable ∆ε
is chosen, even though ∆ε is still a scalar. The second implication is that the coupling
strength for the different mode combinations, as well as the corresponding grating res-
onance conditions, depend on the particular core geometry and on the wavelength. The
latter effects will be described in more detail in the following sections.
4.4.2 Effects of individual rotation angles
In the previous section, the mode fields for non-rotated and a particular set of rotated
elliptical boundaries were discussed. In this section, the consequences from rotating
individual boundaries for the normalized propagation constant beff are considered. A
rotation of the core boundary is described by the angle αC, the trench boundary by
αT, and the ring boundary by αR. The propagation constants determine the resonance
condition for mode coupling and, hence, are important for subsequent chapters of this
thesis.
The normalized propagation constants of the fundamental modes and the second-
higher modes are depicted in figure 4.9 (a). Only αC is varied in this case, while
αT = αR = 0. To limit the computational effort, the calculations are done only for
six values of αC. The leftmost data points are for αC = αT = αR = 0, which corre-
sponds to the case of non-rotated ellipses. In comparison to circular boundaries which
were treated in section 4.3, the propagation constants of the HE and EH modes are
not degenerated anymore. Interestingly, the splitting between the even and odd HE21
modes is approximately 20 times larger than the splitting between the even and odd
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(a) (b)
Figure 4.9: Normalized propagation constant under rotation of individual elliptical fib-
ber core boundaries: (a) rotation of inner core boundary, (b) rotation of trench boundary.
HE11 modes. The modes in the second-higher group have almost equally spaced beff
with a difference of about 1.5× 10−4 for αC = 0.
When αC is increased, the effects to the fundamental modes appear marginal, al-
though βeff continuously grows. The splitting between beff(HEe11) and beff(HE
o
11) is
almost constant at ≈ 1× 10−3. The second-higher modes are influenced more obvi-
ously. While the splitting between the two outer mode pairs (TE01 vs. HE
e
21 and HE
o
21
vs. TM01) stays almost constant, the splitting between the two HE21 modes reduces
as αC increases. For αC = pi/2 the eccentricity of the inner core boundary maximally
counteracts the eccentricity of the outer two boundaries. Therefore, the geometrical
birefringence is minimized and so is the splitting between even and odd HE modes.
Figure 4.9 (b) depicts beff against αT, the rotation angle of the trench boundary. Here,
αC = αR = 0. The results are much different from the rotation of the inner core
boundary. For example, the splitting between even and odd HE modes increases for
increasing αT. In fact beff(HEe21) − beff(HEo21) is 6.2× 10−3, which is 13 times higher
for αT = pi/2 than it is for αT = 0. It is even bigger than the distance between HEo11
and TE01. Hence, it can be expected that this geometry would support only 4 modes,
with the HEe21 mode being the highest second-order mode, if an appropriate wavelength
is chosen, so that HEo21 and TM01 are below cutoff. The effects on the propagation
constants of the fundamental modes are also stronger than for a rotation of the inner core
boundary. The splitting between the even and odd HE11 modes continuously increases
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Figure 4.10: Normalized propagation constant under rotation of the elliptical ring core
boundary.
with αT from 2× 10−4 to 2.5× 10−3. Also interesting is the observation that for the
data points with αT ≥ 0.08pi, the polarization of the HEe11 mode is (almost) parallel
to that of TE01 mode, similar to the results discussed in section 4.4.1 (mode fields not
shown here).
Next, a rotation of the trench boundary is considered. Figure 4.10 shows the corre-
sponding results for beff(αR), while αC = αT = 0. The results are very similar to those
for the rotation of the trench boundary. The maximum splitting between the even and
odd HE11 modes is slightly higher (2.6× 10−3), while the splitting between TE01 and
HEe21 is lower (5.6× 10−2). As for the previous case, the polarization of the HEe11 mode
is again (almost) parallel to that of TE01 mode (mode fields not shown here).
So far, the MMP simulations demonstrated the existence of a large propagation con-
stant splitting in the second-higher mode group between the TE01, HE21, and TM01
modes, which is primarily due to the refractive index profile being tailored to the field
distributions of these modes. On the other hand, the index profile is also responsible
for the strong splitting between the even and odd HE21 modes that arises if small ge-
ometrical imperfections, like rotated and non-rotated elliptical boundaries of small ec-
centricity are introduced. Therefore, achieving exceptionally low eccentricity is much
more important for the fabrication of these index-tailored fibers than it is for weakly
guiding fibers with much smaller refractive index differences. In general, it is found
that a rotation of the trench or the ring boundary result in a strong increase of the prop-
agation constant splitting between the even and odd HE21 modes and a notable, yet
smaller increase in splitting for the even and odd HE11 modes. A rotation of the inner
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core boundary results in a reduction of the propagation constant splitting between the
even and odd HE21 modes, while the propagation constants of the HE11 modes remains
almost unaffected.
The specific examples for the boundary geometries are not meant as fabrication tem-
plates. They are rather meant to demonstrate the effect of more general waveguide
deformations. Of course, many of the described effects will not be as pronounced in
real-world fibers. The elliptical boundaries, which, were assumed for the non-circular
symmetric core geometries, represent highly symmetric objects that can lead to pro-
nounced symmetry breaking if they are rotated against each other. Deviations from
these perfect geometries will certainly diminish the effects. Nonetheless, it has become
clear that the splitting between even and odd HE21 modes can become very strong for
relatively small deviations from a circularly symmetric core geometry.
4.4.3 Wavelength dependence
After several geometrical effects were studied in the previous section, the wavelength
dependence of the effective mode indexes and the mode fields will be treated in the
following. The general wavelength behavior of the mode effective indexes, which was
already calculated for a circular geometrical fiber core, is not affected by the introduc-
tion of rotated and non-rotated elliptical boundaries. Therefore, the discussion will be
limited to the effective index difference ∆neff between the fundamental and the second-
order modes, which is also the most interesting quantity for applications of the fiber for
acoustic LPGs in subsequent chapters of this thesis.
For non-circular fiber geometries, the even and odd HE modes have different effec-
tive mode indexes. Hence, in terms of the effective index difference, there are eight
mode combinations possible between the fundamental and second-higher modes. The
transitions HEo11-TE01, HE
e
11-HE
e
21, HE
e
11-HE
o
21, and HE
o
11-TM01 will be called pri-
mary transitions in the following, because in the case of a non-rotated elliptical core
geometry, the polarization axis is maintained for these transitions (see figure 4.7 for
comparison). Transitions with the respective other even or odd HE11 mode will conse-
quently be called secondary transitions.
The effective index difference ∆neff against the wavelength λ is depicted in
figure 4.11 (a) and (b). For figure 4.11 (a), non-rotated elliptical boundaries are as-
sumed, with the geometrical parameters given in table 4.1. For 4.11 (b), the ellipse
rotation angles are taken into account. In both figures, the primary transitions are rep-
resented by solid lines, while the the secondary transitions are represented by dotted
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(a) (b)
Figure 4.11: Difference between effective indexes of the fundamental HE11 mode and
the second-order modes for elliptical boundaries (a) without rotation and (b) with rota-
tion of individual boundaries as function of wavelength.
lines. If those figures are compared to figure 4.6, which shows ∆neff for a circular core
geometry, the general wavelength behavior is found to be very similar. The main differ-
ence is the index splitting between the even and odd HE21 modes, originating from the
ellipticity of the core boundaries.
In the non-rotated case [fig. 4.11 (a)], the splitting between the even and odd HE21
modes is 1.3× 10−4 at 785 nm, as shown in the inset of the figure. The vertical distances
in the inset measure the distance between primary mode transitions. The second-higher
modes have almost equally spaced neff . The splitting between the two HE21 modes
increases with wavelength, while the distance of the HE21 modes to their outer neigh-
boring modes decreases. The splitting between the even and odd HE11 modes is only
5.6× 10−6 at 785 nm, so the curves for primary and secondary transitions can hardly be
distinguished.
For the rotated elliptical boundaries, the separation between the even and odd HE21
modes is greatly increased over the whole wavelength range, as can be seen in fig-
ure 4.11 (b). Again, the vertical distances in the inset of figure 4.11 (b) the distance
between primary mode transitions. At λ = 875 nm, the difference between the pri-
mary mode transition curves of even and odd HE21 is 5.7× 10−4, which is more then
4 times higher than the value for the non-rotated ellipses. The distance between the
curves for TE01 mode and HE
e
21 mode is increased, while the distance between the
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curves for TM01 and HE
o
21 is decreased. However, compared to the non-rotated case,
these changes are much weaker than the change in separation of the even and odd HE21
modes. Additionally, the effective index splitting between the even and odd HE11 modes
is increased to a value of 3.0× 10−5 at 785 nm, resulting in a larger separation between
primary and secondary transition curves in figure 4.11 (b) compared to 4.11 (a).
After discussing the wavelength dependence of the effective mode indexes for non-
rotated and rotated elliptical core geometries, some aspects of the corresponding mode
fields are considered now. Particular attention is payed to the polarization axis.
Figure 4.12 shows the intensity and polarization pattens of the HEe11, TE01, and TM01
modes for λ = 710 nm, 1100 nm and 1515 nm. The possible mode combinations belong
to the group of the secondary mode transitions. However, particularly for the lowest
wavelength, the polarization axes of the HEe11 mode and the TE01 and TM01 modes are
almost parallel to each other, which would allow for strong mode coupling by a fiber
grating. For increasing wavelengths, the polarization axis of the HEe11 mode rotates
notably, while the polarization axis of the second-higher modes remains almost con-
stant. This means that the projection of the two polarization axes is strongly wavelength
dependent and the same can be expected for the mode coupling strength.
The angle between the mode polarization axis and the model x-axis, called αp, can
be calculated by:
αp =
1
N
N∑
i
arctan (Eyi/Exi). (4.4)
In equation 4.4, the polarization angle is calculated from the transverse electric field
components Ex and Ey at each grid point i of the MMP calculation, and the average of
all angles is calculated. The value range is limited to [−pi/2,+pi/2] for arctan.
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(a) HEe11 710 nm (b) HE
e
11 1110 nm (c) HE
e
11 1515 nm
(d) TE01 710 nm (e) TE01 1110 nm (f) TE01 1515 nm
(g) TM01 710 nm (h) TM01 1110 nm (i) TM01 1515 nm
Figure 4.12: Mode intensity and polarization patterns of HEe11, TE01, and TM01, at
710 nm, 1110 nm and 1515 nm wavelength. Image height and width correspond to 8 µm.
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Figure 4.13 shows αp for the even and odd HE11 modes, the TE01 mode, and the
TM01 mode at several wavelengths between 750 nm and 1.6 µm. The filled circle mark-
ers for the HEo11 mode are shifted by 90
◦ to better show the relation to the HEe11 mode.
As can be seen, the polarization axes of both modes are perpendicular for all wave-
lengths considered here. On the other hand, the polarization angles of the TE01 mode
and the TM01 mode, which are parallel for a non-rotated elliptical core geometry, show
significant differences for the rotated case. Further, it becomes clear that the funda-
mental modes are neither parallel, nor perpendicular to the second-higher modes. At
1.6 µm, the polarization axis of the fundamental modes is rotated about ±45◦ to those
of the second-higher modes. With decreasing wavelength, the relative angle decreases
for the HEe11 mode and increases for the HE
o
11 mode. The polarization of the HE
e
11
mode is almost parallel to the TE01 mode and the TM01 mode at 785 nm, although all
modes have distinctly different polarization angles. From these results, one can expect
a complicated wavelength dependence of the coupling strength between a particular
fundamental and second-higher mode.
Figure 4.13: Angle αp between polarization axes of individual modes and the model’s
x-axis as function of wavelength λ.
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4.5 Summary and conclusions
In this chapter, a model geometry for a special index-tailored optical fiber was developed
from SEM images of the fiber core. The geometry is described by rotated ellipses of
three different domain boundaries, separating four domains that were assumed to have
a constant refractive index. Different degrees of complexity were achieved by assuming
suitable circular, non-rotated elliptical, and rotated elliptical boundary geometries. The
goals of the simulations were to gain a better understanding of the exceptional propa-
gation constant splitting of the second-order modes, to find optimized boundary radii
that maximize this splitting, and to study the effects of core deformations. The calcu-
lated mode propagation constants and mode fields also form the basis for understanding
experimental results which are described in subsequent chapters of this thesis.
The initial model with circular geometry already shows an exceptionally high split-
ting of the propagation constants of the second-order modes over a broad wavelength
range. A variation of the different boundary radii showed little room for optimization
with respect to the current design, although a slight reduction of all core dimension can
improve the splitting at lower wavelengths, e.g. 785 nm and below. Further, the effects
of boundary ellipticity and a rotation of individual elliptical boundaries on the mode
fields and the propagation constants were considered. In the latter case, a large splitting
of propagation constants between the even and odd HE21 modes was found, which is
much larger than that between the even and odd HE11 modes. The splitting between
the two HE11 modes leads to the existence of eight instead of four possible resonance
conditions for mode transitions from one of two fundamental modes to one of four
second-higher modes. A distinction between primary and secondary mode transitions
based on a matching of the polarization axes of the participating modes for non-rotated
elliptical boundaries was therefore introduced. Surprisingly, it was found that the po-
larization axes of the fundamental and second-higher modes might neither be parallel
nor perpendicular to each other, if suitable geometrical deformations to a perfectly cir-
cular fiber core are introduced. Hence, the polarization axis in primary and secondary
mode transitions are no longer maintained and the mode coupling strength between a
particular pair of fundamental and second-higher modes will depend on the projection
of their polarization axes. The secondary mode transitions might even show stronger
mode coupling than the primary ones. It was further found that the polarization axis of
the modes also depends on the wavelength.
In general, the polarization of a mode is influenced by how much its field feels a
particular geometrical feature of the core. For example, the second-order modes have
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most of their power concentrated in the ring domain and a strong overlap between their
field gradients and the refractive index gradients at the trench and at the ring boundary.
So the geometry of the inner core will have lesser effects than the geometry of the
trench and the ring boundaries. Since the mode fields extend over larger areas as the
wavelength increases, they will be influenced more and more by all geometrical features.
However, the field gradients will also decrease for higher wavelengths, which will in
turn decrease the dependence on the exact geometry and both effects might compete
with each other. This discussion shows that a number of important effects arises from
deviations from a perfectly circular fiber core geometry. The sensitivity to geometrical
deviations stems from the large steps in the refractive index profile, and the geometry
has to be controlled much more carefully during the fabrication of this type of special
index-tailored fiber than for standard weakly guiding fibers.
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5.1 Introduction
The construction and test of an acoustic long-period fiber grating (LPG) in conjunc-
tion with the index-tailored special fiber (SF) from chapter 4 is treated in this chapter.
Acoustic LPGs couple two forwardly propagating modes of an optical fiber by induc-
ing a periodic permittivity disturbance in the fiber that originates from a propagating
acoustic wave. For the mode coupling to become efficient, the spatial period of the
permittivity disturbance has to be matched to the difference of propagation constants of
the optical modes, which leads to a resonance condition relating optical and acoustical
properties of the fiber.
Acoustic LPGs were first developed in 1986 [15] and were studied extensively ever
since. Their applications include tunable filters [89, 90], polarization controllers [91],
or polarization dependent loss elements [92, 93], to name a few. Apart from standard
SMFs, LPGs were used in conjunction with fibers of many different geometries. Among
them are highly elliptical core fibers [94, 95], photonic crystal fibers [96, 97], and dis-
persion compensating fibers [17]. The latter example is similar to this work, because
the dispersion compensating fiber used there can be thought of a predecessor of the SF
used in the present work due the similarity of their refractive index profiles.
The aim of this chapter is twofold. Firstly, the effective index difference for the mode
transitions between the fundamental and second-order guided core modes of the SF will
be measured and compared to the results predicted from the simulations in chapter 4.
Secondly, individual second-higher modes will be excited from the fundamental modes
and the highest possible efficiency is determined.
This chapter has the following structure: Section 5.2 gives an introduction to LPGs
in general, including different gratings types, but with a focus on acoustic LPGs. Sec-
tion 5.3 describes the LPG setup and its development in detail. The results which were
achieved with this setup are then presented and discussed in section 5.4. Finally, sec-
tion 5.5 concludes this chapter.
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5.2 Principle of long-period fiber gratings
In long-period fiber grating (LPG), the spatial period of the permittivity modulation ∆ε
is in the range between tens of microns to a few millimeters. For these periods, co-
directional coupling of fiber modes is commonly observed at the grating’s resonance
wavelength. In contrast, so called fiber Bragg-gratings possess much shorter periods,
leading to a contra-directional coupling of the optical modes. The latter will not be
discussed in this work.
5.2.1 Results from coupled mode theory
The principle of LPGs can be readily explained by coupled mode theory (CMT) from
chapter 2.5. A periodic disturbance of the permittivity ∆ε changes the relative power of
two (or more) co-propagating modes of the optical fiber under consideration, hence the
modes are coupled. Among other effects, this can lead to a change of the polarization
distribution in the fiber, which is the main application of LPGs in this work. Chapter
2.5 provided a relatively general description of CMT and left the origin of ∆ε open,
since it depends on the specific grating type. This will be given below as required for
understanding the experimental results of this section.
To achieve a better comparison between experiments and simulations for optical fiber
modes, the phase matching condition from equation 2.27 can be rewritten by including
the effective mode indexes neff = β/k0 = 2piβ/λ:
∆βνµ − 2pi/Λ = 0 (5.1)
→ 2pi(neff,ν − neff,µ
λ
− 1
Λ
) = 0 (5.2)
to yield the final result:
∆neff = neff,ν − neff,µ = λ
Λ
. (5.3)
Usually the effective indexes (and relations between them) are functions of the opti-
cal wavelength λ. Therefore, the left and the right hand side in equation 5.3 can be
understood as independent functions of the wavelength. Hence, the grating resonance
condition is fulfilled at the point of intersection between the graphs of those functions. If
the grating period is known, the effective index difference of two modes can be directly
determined from a spectroscopic measurement of the mode coupling as documented in
chapter 5.4.1.
64
5.2 Principle of long-period fiber gratings
5.2.2 Types of long-period gratings
Three types of LPGs can be distinguished according to the mechanism creating the
periodic permittivity change ∆ε:
1. photo-induced LPGs,
2. mechanical LPGs,
3. acoustic LPGs.
Although, acoustic LPGs are dominantly used in this work, all three grating types were
tested, and a short overview of their key properties is given in the following.
Photo-induced gratings
Photo-induced LPGs are usually produced by illumination with UV laser radiation
[98, 99, 25]. The highly intense radiation changes the refractive index of the fiber mate-
rial. This property of glass is called photosensitivity. The UV radiation mainly modifies
the refractive index of the fiber core, since the germanium doped regions have higher
photosensitivity than fused silica. The effect can be further enhanced by bathing the
fiber in hydrogen at high pressure before exposure (see sec. 17.10 of [25]). The peri-
odicity is produced by a step-by-step illumination of single points along the fiber or by
using a phase mask, which creates an extended interference pattern. As a side note, it
shall be mentioned that the use of IR radiation was also demonstrated for the fabrication
of LPGs [100]. In this case, shape modifications of the fiber cladding cause an index
modulation.
Once the grating has been written into the fiber, the resonance wavelength can be
tuned only slightly, a few nanometers at maximum, by applying tension to the fiber.
Furthermore, the index modification is permanent. These features limit the applicability
of optically induced LPGs if used for studying effective index differences of fiber modes
on a broader wavelength range, where tunability is desired.
Mechanical gratings
Different methods are used to introduce mechanical LPGs to an optical fiber. Usually,
a periodic bending and/or pressure are applied to the fiber, e.g. by pressing the fiber
between a grooved and flat plate, or two grooved plates shifted by a half groove period
with respect to each other [101, 102, 12]. The grating vector does not necessarily have
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to coincide with the fiber axis, in fact the angle between them can be chosen arbitrarily if
the grooved plates are wide enough. Therefore, the grating period is tunable over a larger
range than for the photo-induced LPGs. Furthermore, the grating can be removed by
lowering the pressure applied to the fiber by the grooved plates. On the other hand, the
adjustment of the period depends strongly on the accuracy of the mechanical alignment.
Furthermore, the resonance wavelength depends not only on the effective period of the
grating (caused by the angle between the grating vector and the fiber axis) but also on the
pressure [102]. Therefore, an optimization of the fiber period and the applied pressure
to get maximum conversion at a specific wavelength can not be done independently.
Another limit is the ability to fabricate grooved plates of short periods (below 200 µm)
and to achieve the necessary bend radii. Nonetheless, mechanical LPGs are very easily
fabricated and do not require any sophisticated equipment.
Acoustic gratings
Acoustic LPGs consist of an ultrasonic transducer that is mechanically coupled to an
optical fiber through a tapered glass or metal cone [15, 103, 104, 105]. The transducer
is driven by an electrical signal and will oscillate in a direction vertical to the fiber axis.
Propagating acoustic waves are then launched into the fiber. Mostly flexural waves are
used. These waves create a periodic permittivity disturbance.
The periodic permittivity disturbance propagates along the fiber with a velocity cac
that depends on the acoustic mode of the oscillation. For each acoustic mode, a dis-
persion relation exists between the applied frequency fac and cac, and hence the grating
period Λ = cac/fac depends on the frequency. If the dispersion relation is known,
the spatial period can be varied precisely through the frequency of the driving signal.
Typical frequencies are in the range between 500 kHz to 10 MHz. When two modes
are coupled by the acoustic LPG, the resulting mode will be frequency shifted by an
amount equal to the acoustic frequency. Compared to the optical frequency, this shift
is small and the coupling can still be described by a stationary permittivity disturbance
[21, Chapter 9].
One advantage of acoustic LPGs is that the oscillations of the fiber are highly sym-
metric. This means that the bandwidth of the coupling can be very sharp, so optical
modes with very closely spaced propagation constants can be addressed individually.
On the other hand, the displacement amplitudes cannot be made greater than a few hun-
dred nanometers because the piezoelectric transducer will eventually heat up and can be
damaged if the drive power is too high [106]. Since this displacement amplitude is small
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compared to typical fiber diameters in the range of 100 µm, ∆ε is only a small perturba-
tion, and hence acoustic LPGs typically need to have lengths of a few ten centimeters in
order to achieve a full power transfer between two optical modes. Consequently, acous-
tic LPGs can be expected to show much narrower bandwidth than photo-induced or
mechanical LPGs. They are tunable through the frequency of the electrical driving sig-
nal and they are non-permanent, like mechanical LPGs. These features make acoustic
LPGs attractive for measuring the wavelength dependence of the effective index differ-
ence ∆neff over a broad wavelength range and for selective mode excitation within this
range.
5.2.3 Properties of acoustic long-period fiber gratings
For acoustic long-period fiber gratings (LPGs) using flexural acoustic waves, the peri-
odic permittivity modulation ∆ε can be described as a scalar quantity, since the achiev-
able mechanical displacements are small compared to typical fiber diameters. Referring
to [107, 108] ∆ε can be written as:
∆ε = kac ε(x, y) p(x, y) cos
(
2pi
Λ
z
)
, (5.4)
where the following abbreviations were used:
kac = 2 (1− χ)
(
2pi
Λ
)2
u0, (5.5)
p (x, y) = x cosα + y sinα. (5.6)
Here, kac, ε(x, y), and p(x, y) denote the acoustic coupling strength, the permittivity
of the unperturbed fiber, and the orientation of the acoustic vibration with respect to
the fibers symmetry axes, respectively. The symmetry axes of the fiber are considered
to coincide with the x- and y-direction. The period of the flexural acoustic wave is
denoted Λ. The parameter kac depends on χ, which represents the elasto-optical effect.
Λ is the period length of the flexural acoustic wave, also called the grating period, and
u0 is the displacement amplitude of the acoustic wave. The elasto-optical effect tends
to counteract the pure geometrical change in optical path length, which is introduced by
the acoustic wave. However, the geometrical effect is usually stronger. As pointed out
in [104], χ is a function of the ratio D/Λ, where D is the fiber diameter. χ decreases
monotonically from 0.22 to 0.02 when D/Λ increases from 0 to 1.
In equation 5.6, p(x, y) depends linearly on the transverse position variables x and
y, which indicates that ∆ε takes larger values in the fiber cladding than in the fiber
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core. If at least one of the modes coupled by the acoustic (or mechanical in general)
grating is guided in the cladding, the LPG efficiency can be expected to be stronger
than for a coupling between core modes. The grating period also strongly influences the
coupling strength, since kac is proportional to the inverse square of Λ. If one considers
the acoustic power, as given in [107] and [108], one can see that it depends on u0, fac,
and the fiber radius R as:
Pac = 4ρ
√
pi7cextR5f 5acu
2
0. (5.7)
The other parameters in equation 5.7 are the speed of extensional waves cext (about
5760 m s−1), the mass density ρ (about 2200 kg m−3) of the fiber material, as well as the
acoustic frequency fac, and the fiber radius R. The approximate values are given for
fused silica. Using equations 5.5, 5.7, and the fact that Λ is proportional to
√
R/fac for
small facR [107], one can infer a simple proportionality relation between kac, R, and
fac for constant acoustic power in the low frequency limit:
kac ∝ 1
R2
1
(Rfac)3/4
. (5.8)
From equation 5.8 it is found that the coupling efficiency increases strongly if the outer
diameter of the fiber is reduced, assuming that the properties of the optical modes are
not changed, which is the case if the optical modes are mainly guided in the fiber core.
In this case, the phase matching condition will remain unchanged and Λ has to be con-
stant. This implies a frequency reduction, since fac ∝ R if Λ is constant. On the other
hand, as fac is increased while R is kept constant, kac decreases and the grating length
would have to be increased for a full power conversion. In some applications this is
not desirable. The only way to increase the coupling strength is then to increase the
acoustic driving power. But this can also only be done within the operation limits of
the piezoelectric transducer. Further, the acoustic dispersion curve c(fac) flattens with
increasing fac, while at the same time the acoustic damping can be expected to increase.
Therefore, there is a fundamental limit towards high-frequency applications for a given
fiber-transducer-combination.
5.3 Acoustic long-period grating setup
In this section, details on the acoustic LPG setup are given. These include the piezoelec-
tric transducer, the mechanical coupling of the acoustic vibration to the optical fiber, the
acoustic dispersion of the fiber, and finally the two fiber-optical arrangements that were
used to characterize the LPG-performance.
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Figure 5.1: Schematic views of the acoustic vibration excitation with defini-
tion for the physical dimensions of shear piezo and aluminum horn. (a) from
[86, DOI:10.1117/12.2009585].
5.3.1 Transducer
The piezo-electric transducer is used to convert an input electric signal (voltage) into
an output mechanical displacement, in this case, to drive a mechanical oscillation of
an optical fiber. Typically, longitudinal or shear type piezoelectric transducers are used
for acoustic LPGs [103, 105]. Since shear type transducers offer higher mechanical
displacement amplitudes over a broader wavelength range [105, 109], this type of trans-
ducer is used here. The geometry for the transducer is given in figure 5.1. The front
and back surface (area w × h) of the transducer make up the electrodes. The electrode
surfaces are displaced about ∆h relative to each other along the x-axis when a voltage
is applied (see right hand side of figure 5.1). There is also a smaller displacement ∆t
along the y-axis.
High mechanical displacement amplitudes can be achieved at (and near) piezoelec-
tric resonances of the transducer. Since mechanical and electrical properties of a piezo-
electric material are coupled by the piezoelectric effect, the simplest way to determine
the resonance frequencies is by measuring the complex electric impedance Z(fac) in
the respective frequency range. The resonance (pole) frequencies are defined as the
maxima of <{Z(fac)} whereas the anti-resonance frequencies are defined as the max-
ima of 1/<{Z(fac)} [110]. Here, <{x} means the real part of x. Figure 5.2 shows
the measured (a) real part, (b) magnitude, and (c) phase of the free transducers elec-
tric impedance (without mechanical load, one electrode fixed) with a physical size of
10 × 5 × 1 mm (w × h × t). For this measurement, an impedance analyzer (Agilent
4294A) is used. A transducer of the same size is also used for the optical measurements
described below.
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Four maxima are visible in the curve for <{Z(fac)} [figure 5.2 (a)] centered at 1.13 ,
3.37 , 5.68 , and 7.94 MHz, respectively. These are the lowest-order resonances of the
transducer. Each resonance also shows a characteristic curve for magnitude |Z| and
phase arg{Z}. At the resonances, the real part of the electric impedance goes through
a local maximum. Therefore, the impedance describes the mechanical energy taken out
of the electrical system, part of which results in the excitation of the mechanical vi-
bration of the fiber while the rest of the energy is converted into heat. Except for the
resonances, the transducer mainly acts as a capacitor. Thus, |Z| decreases with increas-
ing frequency, while the phase curve is based on a constant −90◦ level. For compari-
son, |Z| and arg{Z} for two ideal capacitors with 0.37× 10−9 C (black dotted curve)
and 0.94× 10−9 C (red long-dashed curve) are also plotted in figure 5.2 (b) and (c).
The capacity values were calculated from the measured and simulated impedance by
C = 1/(2pifac|Z(fac)|) at fac = 4.75 MHz.
To prevent the piezo-electric transducer from degrading on continuous operation, the
generated heat must be transported away. This is accomplished by mounting the trans-
ducer on a solid aluminum block using conductive silver epoxy adhesive. Silver epoxy
provides electrical and thermal contacting of the back electrode.
The result of a supporting simulation is plotted as green dashed lines in figure 5.2.
The simulation was contributed by Uwe Lieske and is based on a finite element method
(FEM) [ANSYS Multiphysics1]. There is a notable offset between the measured and
simulated values for <{Z} and |Z|. The latter can be interpreted as a difference be-
tween the real and simulated parallel (or shunt) capacitance of the transducer. In fact,
different properties of the piezoelectric materials were assumed for measurement and
simulation (simulation: Ferroperm Piezo Pz21, experiment: PI Ceramic PIC 255). The
measured values will be further influenced by additional capacitances from the wires
connecting the transducer. Nonetheless, the positions of the resonances and the phase-
behavior are in good agreement between measurement and simulation for frequencies
up to about 5 MHz. Notably, the resonance positions increasingly deviate for higher
frequencies, although the general trend is well reproduced. The differences can be re-
lated to several shortcomings of the model. Firstly, the FEM model can only use a finite
discretization which makes the results less reliable for higher frequencies. Secondly,
the shape of the actual transducer was distorted due to sawing, which was necessary
to produce the height of 5 mm. As the FEM simulations show, a height of 5 mm re-
sults in slightly broader resonances than for h = 10 mm, which was the original height.
1http://www.ansys.com
70
5.3 Acoustic long-period grating setup
0 2 4 6 8 10
fac [MHz]
10-1
100
101
102
103
<{ Z
} [Ω]
(a) measured
simulated
0 2 4 6 8 10
fac [MHz]
101
102
103
|Z
|[Ω
]
(b) measured
XC (C=0.37 ·10−9 F)
simulated
XC (C=0.94 ·10−9 F)
0 2 4 6 8 10
fac [MHz]
100
50
0
50
100
ar
g
Z
[◦
]
(c) measured
XC (C=0.37 ·10−9 F)
simulated
XC (C=0.94 ·10−9 F)
Figure 5.2: (a) Real part, (b) magnitude, and (c) phase of measured (and simulated by
U. Lieske) electric impedance of a piezoelectric transducer as functions of frequency.
Curves for ideal capacitors (XC) are shown for comparison in (b) and (c).
The transducer for the measurements was manufactured by PI (type PQ99+0251), is made of the
material PIC 255, and has a size of 10× 5× 1 mm3. The transducer properties in the simulation
are taken from Ferroperm material Pz21 and the same size is assumed.
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Since broad resonances are desirable for broadband operation, h = 5 mm is used for
the optical measurements in section 5.4.1. FEM-calculations for different transducer
geometries show that the resonance frequencies increase for decreasing thickness t of
the transducer. Additional FEM-studies offer the possibility to find optimized trans-
ducer geometries for acoustic LPG applications, but will not be considered further at
this point.
5.3.2 Mechanical coupling
To couple the acoustic power provided by the transducer to a mechanical displacement
of the optical fiber, an aluminum horn is used. Figure 5.1 schematically shows horn and
fiber attached to the transducer. The horn has a conical shape (height l = 3.9 mm and
diameter d = 1.9 mm) and is attached to the surface of the transducer by a hard epoxy
adhesive. Photographs of the horn are given in figure 5.3. Figure 5.3 (a) shows a close-
up of the apex of the horn. The transducer and horn-geometry was inspired by [105],
since very broadband operation with low acoustic power requirements was achieved
there. Although, an on-axis arrangement is avoided in the present work, to allow for a
faster replacement of the fiber. The whole transducer is mounted on a 3-axis positioning
stage (Thorlabs MBT616D/M) whereby horn and fiber are brought in contact. A notch
with a similar width as the optical fiber diameter was manufactured at the horn apex.
The notch assists the attachment of the optical fiber, which would be very tedious when
a sharp or flat apex is used, since the fiber can easily slip off the horn tip. This was
already discussed in [111]. Figure 5.3 (b) shows the fiber settled in the notch. The fiber
is then fixed by a small drop of instant adhesive (cyanacrylate, see figure 5.3 (c)). The
adhesive can be dissolved by acetone and thereby horn and fiber can be attached and
detached repeatedly. Hence, the fiber can be replaced or rotated if necessary.
The acoustic transmittance of the horn depends on its shape and the acoustic fre-
quency. Different designs have been proposed for optimization [103, 105]. For broad-
band operation, small horn sizes are desirable, which limits the number of acoustic
modes. In [103], Engan suggests to create artificial damping for a more broadband
response. Therefore, some epoxy should be attached at the outside of the horn, and
the horn should have thin walls and should be filled with additional epoxy. However,
this is paid for by a reduction of possible displacement amplitudes. Therefore, artificial
damping is avoided in this work. The size of the horn in this work is similar to the one
described in [105] and a similar frequency response can be expected.
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(a) (b) (c)
Figure 5.3: Photographs of the aluminum horn: (a) Close-up of the tip featuring a notch
for positioning of the fiber; (b) fiber attached to tip before applying adhesive; (c) close-
up of the tip with fiber fixed by adhesive. The fiber diameter is 82 µm and can be used
as reference scale.
The black and red curves in figure 5.4 shows the displacement, measured at the tip
of the horn without fiber attached to it, in a frequency range of 0 to 10 MHz in the
x-direction. The displacement spectrum was generated by Fourier-transforming the dis-
placement time response of the horn for pulsed electrical excitation of the transducer.
The displacement is given in relative (logarithmic) units of dB. The displacement varies
strongly with frequency (over 5 orders of magnitude for the whole frequency range)
and shows many local features. A smoothed curve (red curve) is plotted along with the
original data (black curve) to better highlight global trends. The fast-oscillating features
of the original data cannot be attributed solely to measurement noise, since a strong
frequency dependence is also found in the optical transmission measurements below
(section 5.4.1). The drop in displacement for very low frequencies (fac <0.2 MHz)
can be attributed to an artifact of the measurement, since the electrical pulses can only
have a limited bandwidth and the measurement time is limited. Except for this, in the
frequency range of 0 MHz to 2.5 MHz the displacement shows a decreasing trend from
about −35 dB to −70 dB for increasing fac. At 2.8 , 3.4 , and 5.5 MHz broader peaks
stand out. Above 6.5 MHz, the displacement settles at a level of approximately−85 dB.
For a better comparison of the frequency response of the horn displacement and the
transducer’s resonance frequencies, the blue line in figure 5.4 shows the real part of the
complex electric impedance of a similar transducer. It is found that the displacement
peaks at 3.4 MHz and 5.7 MHz coincide with the second and third piezoelectric reso-
nance of the transducer. On the other hand, the displacement peak at 2.8 MHz appears
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Figure 5.4: Measured displacement of the aluminum horn mounted on a piezoelectric
transducer (transducer dimensions: 10 × 10 × 1 mm). The black and red curves show
the measured displacement, where the red curve is smoothed to better show the general
trends. For comparison, the blue curve shows the real part of the electric impedance of
a similar, slightly smaller transducer (dimensions: 10× 5× 1 mm).
to be uncorrelated to <{Z}. There is also no distinct displacement peak for the first
piezoelectric resonance 1.1 MHz. What’s more, there is a drop in displacement for the
fourth piezoelectric resonance around 7.9 MHz. Nonetheless, the highest displacements
are found roughly around the piezoelectric resonance frequencies.
It is beyond the scope of this work to explain the effects leading to this complex
frequency behavior of the displacement. Nonetheless, some general statements can be
made. An important outcome is that the displacement amplitudes decrease strongly
with frequency. For frequencies fac > 2 MHz, high displacements can only be gen-
erated near resonances of the transducers. However, resonances always come with a
limited bandwidth, which limits the performance of LPGs. Furthermore, the frequency
response of the horn is very complex and cannot be described in detail in this work. To
optimize the horn geometry, a more thorough study of the different parameters effecting
the frequency dependence of the horn displacement must be conducted (e.g. by FEM
modeling). It must also be noted that the measurements outlined above only describe the
displacement at one point of the horn (near its apex), therefore some spectral features
might also be related to the actual position on the horn. For example, in [105] a strong
position dependence of the displacement is found which is not considered in the present
work.
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5.3.3 Acoustic dispersion of an optical fiber
The next key-component for a description of LPGs is the acoustic dispersion of an op-
tical fiber. The acoustic dispersion links the phase velocity of an acoustic wave cac to
the acoustic frequency fac. Thereby, the grating period Λ is given as Λ = 2pi/kac =
cac(fac)/fac (see section 5.2.3). The relation between the acoustic frequency and the
grating period must be known to calculate the effective index difference between op-
tical modes coupled by an acoustic LPG. The theory of propagating acoustic modes
in an optical fiber was already outlined in [107]. Although other than flexural modes,
e.g. torsional waves, have been suggested and used in LPGs [112, 113, 114], only
the lowest-order flexural mode of the fiber is considered in this work. In a number of
other works, measurements of the acoustic dispersion of an optical fiber were presented
[107, 95, 115, 96], which show good agreement with the theory in [107]. However, the
details of these measurements are only sparsely described in most cases. It is therefore
hoped that producing another verifying measurement can give more insight into the ac-
curacy of such measurements and to verify the validity of the theory for the particular
SF used here. Consequently, measurements of cac(fac) will be given and compared to
curves calculated from theory in this section. The calculation is basically a numeri-
cal eigenvalue computation. This can be prone to errors, giving all the more reason to
acquire suitable measurement data for a validation of the calculation.
Figure 5.5 (a) shows the measured and calculated dispersion curve cac(fac) for the
lowest-order flexural mode. The calculation is kindly provided by Lars Schubert, who
used the formulas of [116] for the numerical eigenvalue calculation and the material
properties of fused silica glass listed in [107]. The dispersion curve is similar to a
square root for low frequencies, but approaches a constant level for higher frequencies.
From [107] one can expect that there are no higher flexural modes for frequencies below
30 MHz.
The measurement setup is depicted in figure 5.5 (b). The beam of a laser vibrome-
ter (L-VIB2), based on a modified heterodyne Mach-Zehnder interferometer, is focused
on the surface of the optical fiber under study and the time-resolved displacement in
x-direction is measured. In contrast to other measurements in this work, a commercial
ultra-sonic transducer (type: GE G5 MN) is used, providing a longitudinal displace-
ment. This transducer is designed to show no resonances in this frequency range and
therefore gives a flat phase response. A suitable aluminum horn was designed and fab-
2 type: Polytec OFV-353 sensor head with DD-300 decoder for pulse measurements and OFV-505 sensor
head with OFV-2570 detector for single-frequency measurements
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Figure 5.5: (a) Measured and theoretical dispersion of the acoustic phase velocity for the
lowest-order flexural acoustic mode of an optical fiber of 82 µm diameter. (b) Schematic
of experimental setup for measuring fiber and horn displacement. FG frequency gen-
erator, PG pulse generator, PA power amplifier, L-VIB laser vibrometer. (a) from [86,
DOI:10.1117/12.2009585]. Measurements by Rico Illing. Data analysis for the pulse measure-
ment by Martin Barth. Calculation of theoretical dispersion curve by Lars Schubert.
ricated by Rico Illing [111] to fit the transducers dimensions. The conical part of the
horn has a base diameter of 7.6 mm and a height of 3 mm.
To determine the phase velocity, the phase measurement is repeated at 20 positions
along the fiber in the z-direction. The phase velocity is then inferred from the phase
and position differences. The fastest way to achieve frequency resolution is by using
pulsed excitation from a pulse generator (PG, type: Olympus 5900 PR) and Fourier-
transforming the time response to frequency space. This provides a multitude of fre-
quency components simultaneously. The corresponding results are shown as black
crosses in figure 5.5 (a) for frequencies between 1 and 2 MHz. The experimentally
determined phase velocities are in excellent agreement with the calculated curve. For
frequencies above 2 MHz, the displacement amplitude goes through several minima and
maxima which can be attributed to reflections of sound waves at the side walls of the
horn. The reflected waves result in an additional frequency dependence and complicate
the time response. Therefore, only a limited section of the time response which does not
contain the signal from reflected waves can be used. However, this also limits the low
end of the detectable frequency range since longer measurement times are necessary to
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gain information on lower frequencies. The calculation of the phase velocity from the
raw data is kindly provided by Martin Barth.
To complement the measurement for higher frequencies, a single-frequency measure-
ment is also conducted, where the transducer is excited by a continuous sine signal from
a frequency generator (FG). The corresponding results are shown as red + symbols in
figure 5.5 (a). This method offers better sensitivity for small displacement amplitudes,
since the frequency from the function generator is well defined. However, it is also very
time consuming to measure at multiple frequencies. There appears to be a systematic
offset between measured and calculated values for cac, but the shape of the curves are in
good agreement. On average, the relative difference between measured and calculated
values amounts to 3.4 % and even reduces to 2.8 % if the point for fac = 3.05 MHz is
left out. The latter value corresponds to a total difference in the phase velocity of only
49 m s−1 at 5 MHz. This can still be considered to be in good agreement with the result
from theory, although the origin of the offset cannot be resolved in this work.
Taking the results from the pulsed and single-frequency measurements together, it
seems reasonable to use the theoretical values for the phase velocity to calculate the
period Λ of the LPG. This way, Λ can be calculated for any frequency, while its values
would have to be interpolated, if the measurement results were used.
So far, acoustic birefringence was left out of the discussion. It occurs if the fiber
cross section is not circular or the material properties are not circularly symmetric. In
either case the phase velocities for minor and major axis of acoustic birefringence axes
will be different and a beating of the displacement amplitudes along theses axes will
occur. This can have significant implications on the optical properties of the acoustic
LPG. For example, side lobes appear in transmission spectra [115], and the efficiency
of the mode conversion becomes dependent on the relative orientation of the fiber’s op-
tical and acoustic eigen-axes [117]. Further, the influence of the longitudinal transducer
displacement (in the y-direction of 5.1) is not considered, which gives rise to an addi-
tional flexural wave. Some of these effects are also be found in the optical transmission
measurements below.
5.3.4 Optical setup
Two optical setups are used to characterize the acoustic LPG and the index-tailored
few-mode fiber, also called SF. The first setup deals with fiber-optical transmission
measurements and is depicted in figure 5.6. The second setup is depicted in figure 5.7.
Its purpose is to image the mode fields created by the acoustic LPG.
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Figure 5.6: Setup for measuring transmission spectra. Abbreviations: continuum source
(CS), single-mode fiber (SMF), polarization controller (POL), mode filter (MF), spe-
cial fiber (SF), long-period fiber grating (LPG), optical spectrum analyzer (OSA). From
[86, DOI:10.1117/12.2009585].
Transmission measurement setup
In the transmission setup in figure 5.6, a broadband continuum light source (CS, Koheras
SuperK Versa) is connected to a single-mode fiber (SMF, Nufern 780HP). Along this
single-mode fiber, a polarization controller (POL, Newport F-POL-IL) is used to adjust
the polarization at the input of the SF. A mode filter (MF), consisting of several fiber
loops with short bending radius, is used to remove higher-order modes from the SMF
for wavelengths below the higher mode cutoff. The SMF is spliced to the SF, which
has a diameter of 82 µm. A section of the SF, measuring a length of about 40 cm, is
stripped of the plastic coating to allow for a free propagation of acoustic waves in this
region. The acoustic waves are excited by an aluminum horn mounted on a shear-
type transducer as described above. The horn is connected to the stripped fiber about
3 cm away from one end of the stripped section. Therefore, waves traveling to the
coating close by are quickly absorbed, while the waves travel over ten times further
in the opposite direction before they reach the coating, where they are absorbed. The
electrical driving signal is provided by a function generator and amplified by a 45 dB
power amplifier (RF Power Labs 155LCR, not shown in the figure) before it is fed to
the piezoelectric transducer. The output end of the SF is spliced to another SMF which
also contains a MF to block higher-order modes from being transmitted. This SMF is
connected to an optical spectrum analyzer (OSA, Yokogawa AQ6370B).
The working principle of this setup is as follows: The first SMF is supposed to pro-
vide broadband light in the fundamental mode of adjustable polarization to the SF,
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which will be converted to the fundamental mode of the SF due to the similarity of
these modes. The acoustic LPG couples the fundamental mode to higher-order modes
guided in the core of the SF for wavelengths where the LPG resonance condition is ful-
filled. At the connection between the SF and the second SMF, the higher-order modes
cannot propagate further in the SMF core and are converted to cladding and radiation
modes. Residual higher-order modes for wavelengths below the cutoff wavelength will
be filtered out by the second mode filter. Light remaining in the fundamental mode
is then analyzed by the OSA. The resulting transmission spectra will contain dips at
the resonance wavelengths of the grating, whose position will depend on the acoustic
wavelength.
To make all mode transitions visible at once, the input polarization to the SF has to be
chosen to excite both fundamental mode polarization states with comparable amplitude.
Also, the acoustic LPG vibration direction should be set at an angle between the optical
eigen-axes of the fiber. Otherwise, if the vibration direction was aligned to one eigen-
axis, not all mode transitions will occur. Of course, this configuration is not ideal to
achieve maximum coupling efficiency for a specific mode transition, nor to achieve a
single (pure) output mode from the SF.
Mode-field measurement setup
The LPG excites higher-order modes at resonance wavelengths. Figure 5.7 shows the
corresponding setup. To visualize and measure distinct mode transitions, the continuum
source is replaced by a laser source with narrow spectral linewidth (BW-TeK BRM-785)
for the mode-field measurement setup. The SMF transports the fundamental mode to
the input of the SF and a fiber polarization controller is used to create the desired input
polarization. As will be discussed in the results section below, the efficiency of creating
a desired output intensity and polarization distribution by the acoustic LPG depends
strongly on the purity of the fundamental mode excited in the SF. Since it is difficult
to accurately control the position of the thin SF (80 µm diameter) by non-specialized
splicing tools, the fiber splice is replaced by direct fiber to fiber coupling using a high-
accuracy fiber-to-fiber positioning system (FF, Thorlabs NBM513/M and NBM413/M).
Some further, although limited influence on the modal composition is gained through a
mechanical mode scrambler (MS, Newport FM-1). The selection of the SMF also plays
an important role on the coupling efficiency from the SMFs to the SFs fundamental
mode. From several fibers with different mode field diameters, the 780HP provides the
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(a) Mode-field measurement setup (b) Fiber coupling
Figure 5.7: (a) Setup scheme for measuring mode field intensity patterns. Abbreviations:
single-mode fiber (SMF), polarization controller (POL), fiber-fiber-coupling (FF), mode
scrambler (MS), long-period fiber grating (LPG), special fiber (SF), collimating lens
(CL), polarizer (P), camera beam profiler (BP). (b) Microscopic photograph of the
fiber-to-fiber coupling via two micro lenses formed by drops of index matching gel. (a)
from [86, DOI:10.1117/12.2009585].
best results in this configuration (Nufern 460Hp, 780HP, 980HP, and Thorlabs SM600
were tested).
The coupling efficiency between SMF and SF can be increased by filling the gap be-
tween both fibers with index matching gel. However, if the fibers are brought very close
together (/10 µm), the coupling becomes increasingly sensitive to mechanical distor-
tions. It was found that a more stable coupling to the fundamental mode of the SF, while
maintaining moderate transmission, is achieved by the following procedure: Firstly, the
fibers are brought very close together. Secondly, a drop of index matching gel is applied
to the fibers. Thirdly, the fibers are pulled away from each other until the drop sepa-
rates in two. The two resulting drops form hemispherical end caps, which act as lenses
to collimate and refocus light between the fibers. Figure 5.7 (b) shows a microscopic
picture of the arrangement. Finally, the transmission through this fiber-to-fiber coupling
is higher than for the case that the fibers are separated by the same distance without
index matching gel, while at the same time, the sensitivity to mechanical distortions is
reduced.
The special fiber and the acoustic grating are configured as described for the trans-
mission setup. The output end face of the SF is finally imaged onto a camera beam
profiler (BP) to measure mode intensity distributions. An additional polarizer (P, Thor-
labs LPVIS050) provides the means to determine the polarization direction of the mode
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fields. The distance between the collimating lens (CL, Newport M20x, 0.40 NA) and
the BP is 63.5 cm.
The initial adjustment of this LPG setup includes several steps which will be outlined
in the following. During this process the orientation of the eigen-axes of the SF can
be determined, the input polarization and fiber-to-fiber-coupling is optimized, and the
optimal acoustic frequency is found. First, the acoustic LPG is driven at a known fre-
quency at which a mode transition should occur and the polarizer (P) is removed from
the setup. Additionally, the amplitude of the driving signal is modulated at a modula-
tion frequency which should be low enough for detection by the BP, but fast enough to
follow any adjustments to the setup (about 1 Hz). Now, the image from the BP should
show a modulation of the intensity pattern. If not, the frequency of the LPG or the input
polarization can be adjusted until some modulation is seen. Now, the modulation of the
intensity image can be maximized by further adjusting input frequency and polariza-
tion and also the fiber-to-fiber coupling and mode scrambler settings. Several iterations
are usually necessary until no further improvement is possible. If an optimal setting is
found, the input polarization will be aligned to one of the eigen-axes of the SF. The
orientation of the axes can be determined using the polarizer (the axes orientations are
given by the angles for minimum and maximum intensity in the beam center for LPG
off).
5.3.5 Comparison to other acoustic LPG geometries
In comparison to other acoustic LPG geometries, the one discussed so far offers some
advantages. By using a shear-type transducer, one can achieve higher displacement am-
plitudes as by longitudinal-type transducers, although operation of longitudinal trans-
ducers has been demonstrated successfully even on fibers of 125 µm diameter [95, 96,
118]. However, with the setup presented in this work, one can still couple the acoustic
vibration to the fiber from the side, which allows for easier attachment (and detach-
ment) of the fiber to the acoustic horn, because it is not necessary to thread the optical
fiber through the acoustic horn as in the on-axis arrangement of [105]. The on-axis
arrangement, however, gives the possibility to couple two shear-piezos oscillating in or-
thogonal direction with different amplitude, phase, and frequency to excite two optical
modes with a controlled phase-difference. This can be useful for the creation of vortex
modes carrying orbital angular momentum [16, 17].
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Figure 5.8: (a) Transmission spectrum for special fiber (SF) with LPG operating at
fac = 3.6 MHz. (b) Scheme for modal transitions in terms of effective mode index.
(a) from [86, DOI:10.1117/12.2009585].
5.4 Experimental results
5.4.1 Transmission spectra
A typical transmission spectrum obtained from the setup shown in figure 5.6 is depicted
in figure 5.8 (a). The spectrum is normalized to the case where the LPG supply voltage
is switched off. There are four pairs of notches visible in the spectrum, which can be
attributed to the excitation of the first four higher-order modes of the SF. The main
notches are marked by solid arrows while the secondary notches are marked by dotted
arrows. The assignment of each pair of notches to the corresponding modes of the SF
is made by comparison with the simulation results from chapter 4. Figure 5.8 (b) shows
a corresponding scheme of the mode transitions in terms of the effective index, which
includes a visual interpretation of primary and secondary mode transitions. The modes
are represented at the right hand side of the figure by a simplified intensity pattern and
arrows indicating the main polarization direction.
The notch center wavelengths λp, the full width at half maximum (FWHM) of the
primary notches, and the effective index differences for all mode transitions from the
spectrum in figure 5.8 (a) are summarized in table 5.1. Therein, rows for primary
mode transitions are highlighted by gray background color. The relative bandwidth
FWHM/λp of the primary notches is below 3× 10−3 for all transitions, which is a re-
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Table 5.1: Parameters for individual mode transitions extracted from a transmission
spectrum: peak wavelength λp, peak full width at half maximum (FWHM), and ef-
fective index difference ∆neff at λp. Acoustic frequency fac = 3.6 MHz. White (gray)
background of a row indicates a secondary (primary) mode transitions.
Mode λp/nm FWHM/nm FWHM/λp/10−3 ∆neff |λp/10−4
TM01 682.5 - - 16.10
TM01 686.8 1.27 1.85 16.21
HEo21 720.1 1.37 1.90 16.99
HEo21 725.6 - - 17.12
HEe21 736.9 1.98 2.68 17.39
HEe21 741.5 - - 17.50
TE01 762.9 - - 18.00
TE01 768.1 1.93 2.51 18.12
sult of the large grating length (almost 1000 grating periods). Since the shape of the
secondary notches is not well defined, the corresponding FWHM are left out in the ta-
ble. Interestingly, there is a distinct difference between the first two (TM01 and HEo21)
and the last two (HEe21 and TE01) mode transitions, considering the primary notch band-
width. In fact, if one closely examines figure 5.8 (a), one finds that the for HEe21 and
TE01, the primary notches are split and lack a sharp central minimum. On the other
hand, the notches for TM01 and HEo21 show sharper notches. This is possibly a result of
acoustic birefringence, which will be discussed in section 5.4.2.
The last column of table 5.1 shows the effective index difference for the mode transi-
tions at the resonance wavelength, given by ∆neff = λp/Λ, where
Λ = cac(fac)/fac = 424 µm, and the calculated values for cac are used. On average, the
absolute difference between the primary and secondary notch wavelengths is 4.8 nm.
This corresponds to an average effective index difference of ≈ 1.2× 10−5 between the
primary and secondary mode transitions.
Figure 5.9 shows a two-dimensional view of a series of transmission spectra acquired
for different acoustic frequencies from 2.4 MHz to 6.6 MHz. The experiments which
lead to these data were carried out by Carmen-Sofia Whitham-Agut. The grating pe-
riod Λ is tuned quasi-continuously through a high number of values for the acoustic
frequency fac. Note that the scale for Λ at the right y-axis of figure 5.9 is not linear. The
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Figure 5.9: Series of normalized transmission spectra [T (λ)] at different LPG frequen-
cies fac (grating period Λ = cac/fac) measured by the acoustic LPG setup.
wavelength range of the transmission measurements was adjusted to include all 4 pairs
of notches, while on the other hand, the acquisition time was kept moderate by using
only a small part of the full wavelength range of 600 nm to 1000 nm. The evolution of
the grating resonances can be followed for almost the whole frequency range, but the
visibility (given by the depth of the notches) varies substantially. The driving voltage
amplitude is constant for all measurements.
In figure 5.10 (a), the notch center wavelengths λp of primary and secondary mode
transitions can be seen. Large dots indicate the primary notches and small dots indicate
the secondary notches, according to the transition scheme in figure 5.8 (b). The notch
positions for all four (primary or secondary) mode transitions show an almost linear
frequency dependence below 5.3 MHz. Due to the low grating efficiency, especially in
the frequency range from 4.2 MHz to 5.2 MHz, the secondary notches could only be
identified for a limited number of the measured spectra. From this chart, one can select
the necessary acoustic frequency for the desired output mode at a certain wavelength. As
an example, the horizontal dashed line marks a wavelength of 785 nm, which is also used
for the experiments in chapter 6. The necessary acoustic frequencies are ≈ 3.88 MHz
for the TE01 mode and ≈ 5.31 MHz for the TM01 mode. These frequencies are marked
by vertical dashed lines in figure 5.10 (a).
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Figure 5.10: (a) Notch center wavelength λp for the mode transitions from the funda-
mental to the second-order modes. (b) Top: acoustic horn displacement D. Bottom:
average notch transmission loss Lp,m =
∑N
m Lp,m / N . All quantities shown as func-
tions of acoustic frequency.
The lower graph in figure 5.10 (b) depicts the transmission loss Lp,m = 1−T (fac, λp)
at the peak wavelengths λp. The subscript p means that the loss value refers to a peak
for a particular mode transition to the particular second-higher mode which itself is la-
beled through the subscript m. Lp,m is averaged over all mode transitions acquired in
a single spectrum at a fixed acoustic frequency fac. The average value is denoted Lp,m.
In figure 5.10 (b), the solid black line stands for the primary transitions and the dashed
red line stands for the secondary transitions. The upper graph in figure 5.10 (b) shows
a plot of the aluminum horn displacement D in the same frequency range. Clearly,
the transmission loss is higher close to resonance frequencies of the transducer-horn-
arrangement. Also, Lp,m changes equally rapidly as D over frequency. However, the
exact positions of the displacement maxima and transmission loss maxima do not coin-
cide precisely. For example, D peaks at 3.35 MHz, while for the primary notches Lp,m
peaks at 3.30 MHz and steeply falls to a minimum for higher frequencies. On the other
hand, at 3.65 MHz and 3.75 MHz local minima can be seen for D, but Lp,m has maxima
at these frequencies. For frequencies between 5.2 MHz to 6.2 MHz, there is also some
correspondence visible between D and Lp,m, but again, the details of the features are
rather different.
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Figure 5.11: Effective index difference as function of wavelength: (a) from the mea-
sured transmission spectra and the calculated acoustic dispersion; (b) simulated by
MMP model with non-rotated elliptical boundaries (NREB).
Figure 5.11 depicts the effective index difference ∆neff(λ) = λp/Λ for the mode
transitions from the fundamental modes to the second-order modes. Sub-figure (a) is
calculated from the data of figure 5.10 (a). As in figure 5.10 (a), the data for primary
transitions is marked by larger dots, while smaller dots mark the secondary transitions
in figure 5.11 (a). In the given wavelength range, ∆neff shows a nearly linear depen-
dence on λ with different slopes for the individual mode transitions. Furthermore, the
separation between the curves for the even and odd HE21 mode decreases much more
rapidly than the distance to the two outer curves for between TM01 and TE01. In turn,
the distance to the outer curves stays almost constant over the whole wavelength range.
The separation between the data points for primary and secondary transitions is in the
range of ≈ 1× 10−5 and stays almost constant over the whole wavelength range. It is
also very similar for all four mode transitions.
Additionally, figure 5.11 (b) shows simulated curves from section 4.4.3 for the non-
rotated elliptical core geometry for comparison. Sub-figure (a) and (b) will be compared
in section 5.4.2.
Next, the wavelength dependence of the transmission loss Lp,n shall be investigated.
Lp,n and λp can be understood as two-dimensional curve, which is parameterized by
fac, where Lp,n(fac) if given by the measured spectra and λp(fac) is given by the acous-
tic dispersion of the fiber. However, the rapidly varying frequency dependence of Lp,n,
86
5.4 Experimental results
which has been shown in figure 5.10 (b), makes a comparison between different mode
transitions at a particular wavelength difficult. The frequency dependence can be re-
moved by dividing each transmission loss value by the maximum loss value measured
in the corresponding spectrum at the same acoustic frequency.
Figure 5.12 (a) and (b) show the resulting transmission loss values plotted against
the peak wavelengths with the frequency correction mentioned above. This newly nor-
malized transmission loss is denoted as L˜p,n. In sub-figure (a), only mode transitions
involving the even fundamental mode (HEe11) are used, while for (b) only the odd fun-
damental modes (HEo11) are taken into account. The mode transition scheme in figure
5.8 (b) and the example spectrum in 5.8 (a) can be used for comparison.
At first glance, the data points in figure 5.12 (a) and (b) are scattered widely and no
particular wavelength dependence can be found. Nonetheless, there is a clear difference
between the transmission loss values for individual mode transitions. This becomes
even more obvious calculating a histogram, which is shown to the right of each plot.
In this histogram, the horizontal bar length corresponds to the number of transmission
loss values that fall into a particular interval with a binning of 0.2. In sub-figure (a),
where only the mode transitions involving HEe11 are taken into account, the transitions
to the two HE21 modes have the highest transmission loss across the whole wavelength
range. Except for a small number of data points, the loss values for TE01 and TM01 are
lower. If a notch could not be found, it is a transition to one of these two modes, apart
from few exceptions. Regarding the mode transitions involving the odd fundamental
mode (HEo11) in sub-figure (b), the opposite behavior is found. Here, it is the transitions
to the modes TE01 and TM01, which show the highest transmission loss values across
the whole wavelength range, while the HE21 mode transitions show lower transmission
efficiency.
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Figure 5.12: Peak transmission loss L˜p,n(fac) normalized for each frequency fac as func-
tion of optical wavelength; (a) Mode transitions involving HEe11; (b) Mode transitions
involving HEo11.
5.4.2 Discussion of transmission results
In this section, some of the factors influencing the LPG transmission spectra and their
implications will be discussed. The goal of this discussion is to distinguish between
spectral features caused by the acoustic LPG and other optical effects and to relate the
data to the models that have been introduced so far.
Short wavelength range
Going back to the multi-spectral data presented in figure 5.9, one finds some ripples
in the spectra which extend vertically through two different wavelength range settings.
This most noticeable for the frequency from 2.4 MHz to 4 MHz and the wavelength
range from 600 MHz to 750 MHz. These and similar features are not caused by the LPG
but by other optical effects, since they do not vary with acoustic frequency, and hence
they can be left out of the discussion. For very short wavelengths, the SMF is far below
the second mode cutoff (nominally 730 ± 30 nm). For wavelengths below the cutoff
wavelength, the SMF will guide higher-order modes in its core. If the higher-order
modes are not completely filtered out by the first mode filter, they are sent to the input of
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the SF. There, they can excite one of SMF’s higher-order modes directly3. Furthermore,
at the interface between SF-output and the second SMF, the just mentioned higher-order
modes will be accepted and transmitted efficiently through the SMF leading to the OSA
and might not be fully removed by the second mode filter. Both effects reduce the notch
depth in the transmission spectra for short wavelengths. As a result, the notch visibility
drops for wavelengths below 660 nm in figure 5.9. For wavelengths above 700 nm,
higher-order mode effects in the SMF are negligible and the transmission of the SMF is
also almost unchanged. In turn, the reduced notch visibility for the frequency ranges of
4.2 MHz to 5.2 MHz and above 6.2 MHz is caused by the acoustic grating behavior and
not by purely optical effects.
Frequency behavior of the acoustic LPG
The frequency behavior of the acoustic LPG is complex, as indicated by the rapidly
varying transmission loss in figures 5.10 (b). A direct comparison to the measured alu-
minum horn displacement reveals that the highest efficiencies can be reached close to
mechanical resonances of the transducer. But apart from the transducer resonances,
there must be more effects involved. For example, a varying displacement amplitude
along the aluminum horn, or a frequency dependence of the acoustic coupling between
horn and fiber can complicate the overall frequency response of the acoustic LPG. In the
context of this discussion, it is sufficient to regard the overall frequency behavior as a
given instrument characteristic, which is not necessary to understand in detail. Nonethe-
less, for a truly broadband operation of the acoustic LPG, the frequency behavior must
be optimized and the rapidly varying dependence on frequency must be reduced, while
the overall mode coupling efficiency needs to be enhanced over a broader wavelength
range.
Origin of different notch widths
For the discussion of other spectral features, it is beneficial to make use of the mode
transition scheme in figure 5.8 (b). With its help, one can can gain an understanding of
the transmission notch positions and the different notch widths. In terms of the notch
width, it was was found that the mode transitions can be classified into those involving
3 For example, similar second-order modes exist in the SF and the SMF, which are also called TE01,
HE21, and TM01. Their mode fields are slightly different, however, they should still show a strong field
overlap and high coupling efficiencies can be expected.
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TM01 and HE
o
21 modes or those involving TE01 and HE
e
21 modes. The modes of each of
those pairs share a similar intensity distribution. Hence, the mode conversion efficiency
in each pair is equally influenced by the acoustic vibration amplitude along the axis
connecting the two intensity lobes which are indicated in figure 5.8 (b). If the fiber is
acoustically birefringent, two distinct acoustic phase velocities are present, which lead
to slightly different resonance conditions. Since the grating vibration direction is in
general not aligned to one of the birefringent eigen-axes, both resonance conditions will
lead to mode coupling at slightly different optical wavelengths. However, the strength
of the mode coupling will depend on the exact orientation of the initial acoustic vibra-
tion direction, the acoustic eigen-axes, the orientation of the intensity patterns of the
optical modes and also on the length of the fiber. Therefore, acoustic birefringence is a
plausible cause for the pairwise similarity of notch widths and the pairwise occurrence
of notch splitting, which also lead to a reduction of the notch depth [117]. Further-
more, the results of [117] show that acoustic birefringence equally effects transitions
to modes with equal intensity patterns, independent of the optical polarization of those
modes. Translated to this work, TM01 and HE
o
21 should show comparable notch widths,
and so should TE01 and HE
e
21, if the notch splitting and the overall notch width are
influenced by acoustic birefringence. Comparing the notch widths of all acquired spec-
tra, the aforementioned features can be found in several of them, indeed. However, the
wavelength resolution and the overall statistical quality are not sufficient to prove or dis-
prove a causal relationship between the notch width and acoustic birefringence at this
point. Twist of the fiber can create additional transmission notch splitting, as is shown
in [119]. But such a twist should equally affect all four notches, and can hence be ruled
out as cause for the notch splitting in the present experiments.
Comparison of measurements and simulations
If figures 5.11 (a) and (b) are compared, one finds that the measured dependence of ∆neff
on wavelength agrees with the simulation results from chapter 4 in its key properties.
These are: 1.) the presence of four double notches in the transmission spectra that lead
to eight transition curves; 2.) the order in which the curves for primary and secondary
transitions appear agrees with the mode coupling scheme in figure 5.8 (b); 3) the almost
linear curve shape for ∆neff(λ) for all four second-order modes over a broad wavelength
range; 4.) similar separations between the curves for the 4 second-order modes; 5) and
the much smaller separation between the curves for primary and secondary mode tran-
sitions. The simulation data for the non-rotated elliptical core geometry is chosen for
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Table 5.2: Effective index difference between fundamental and second-order modes.
Comparison between non-rotated elliptical boundary model (NREB), rotated elliptical
boundary model (REB), and measured data (MEAS).
Transition (∆n1 −∆n2) / 10−4
1 2 NREB REB MEAS
TE01 (pri.) HE
e
21 (pri.) 1.60 2.04 1.46
HEe21 (pri.) HE
o
21 (pri.) 1.35 5.68 0.97
HEo21 (pri.) TM01 (pri.) 1.77 1.29 1.44
average (pri.) average (sec.) 0.06 0.30 0.25
figure 5.11 (b), since it provides a better match to the measured data than the model
with rotated elliptical boundaries. At 785 nm wavelength, the measured effective index
separation between the TM01 mode and the HE
o
21 mode is 1.4× 10−4. This is slightly
smaller than the value predicted by the simulation (1.8× 10−4). However, this result is
not surprising, since the simulation model of the fiber core certainly overestimates the
heights and steepness of the real refractive index profile which is characterized by fi-
nite, continuous slopes that are limited by the capabilities of the fabrication process. As
was discussed in section 3.5.3, smaller effective index gradients reduce the propagation
constant splitting.
Table 5.2 gives an overview of the distances between the transition curves ∆neff(λ)
from the simulations and the measured values at λ = 785 nm. The first two columns in
the table indicate for which mode transitions the effective index values are compared.
For example TE01 (pri.) stands for the primary mode transition to the TE01 mode. It
is compared with the curve for the primary transition to the HEe21 mode. The last three
columns of the table show the effective index differences between the aforementioned
primary mode transition curves acquired from the simulation with non-rotated ellipti-
cal boundaries (NREB), from the model with rotated elliptical boundaries (REB), and
from the measured values (MEAS). The measured distances between the primary mode
transition curves are close to the NREB model, but on average the simulated values are
still larger by 0.3× 10−4. The highest deviation is observed for the splitting between
the curves for the even and odd HE21 modes.
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The last row in table 5.2 gives the average distance between the curves for primary
and secondary mode transitions, which corresponds to the splitting of the effective in-
dexes for the even and odd HE11 modes. In this case, the measured value is in between
the values from the REB and NREB model, but closer to the value from the the REB
model.
In summary, there is a better qualitative agreement between simulation and mea-
surement for the NREB model. One difference is that the index-splitting between the
second-higher modes is lower while the absolute values for ∆neff are higher in the mea-
surements. Possibly, the refractive index differences for the fiber core geometry are
overestimated or the accuracy of the model geometry acquired from the SEM images
is insufficient. However, one must also keep in mind that ∆neff is calculated from the
calculated acoustic dispersion. The acoustic dispersion relation depends on tension in
the fiber, which is easily introduced or changed when the fiber is mounted. This can be
responsible for an offset of the measured curves. Another difference is the larger split-
ting between the even and odd fundamental HE11 modes in the measurements compared
to the simulations. The latter is an important difference, since for the NREB model, no
secondary transitions should occur. The fact that the secondary transition curves are
well separated from the primary ones means that deviations from a perfectly elliptical
geometry must be present in the fiber core.
So far, the scheme from figure 5.8 (b) appears to be justified for a qualitative under-
standing of the mode coupling. The transmission loss values presented in figures 5.12 (a)
and (b) further support the validity of this coupling scheme. Although it is not possible
to find a clear wavelength dependence of the transmission loss, the mode transitions can
be classified by their efficiency. In figure 5.12 (a), where transitions starting from the
HEe11 mode were considered, the transitions to the even and odd HE21 modes had the
highest efficiency. On the other hand, in figure 5.12 (b), the transitions starting from the
HEo11 mode and ending in the modes TE01 or TM01 have the highest efficiency. These
four transitions just mentioned, are in fact the primary ones according to the mode cou-
pling scheme of figure 5.8 (b). So, the mode coupling scheme can explain many features
of the measured data.
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5.4.3 Direct mode field observation
Mode field images
This section describes the results acquired with the mode-field measurement setup de-
picted in figure 5.7 (section 5.3.4). Figures 5.13 (a) and (b) show mode-field intensity
patterns for two different acoustic frequencies of 3.753 MHz and 5.222 MHz, in the
given order. At a wavelength of 785 nm, the chosen frequencies mediate a coupling
between the HE11 modes and the TE01- and TM01 mode, respectively. A direct mea-
surement of the mode fields can prove the validity of the mode assignment, which was
already used to interpret the transmission measurements. The two HE21 modes are of
little practical importance for this work, but they were already imaged in [111] whereby
the same SF was used. Parts of the following two paragraphs, which describe the inten-
sity patterns in more detail, were first published in [86].
The first (uppermost) row of images in figure 5.13 (a) and (b) shows the orientation
of the polarization analyzer transmission axis. The polarizer angles αp are also given,
whereby the image horizontal direction does not correspond to the laboratory x-axis
for which αp is defined. The arrows, however, are oriented correctly with respect to
the BP images. For the first (leftmost) column, no analyzer is used. The second row
from top shows the intensity patterns while the driving electric signal for the acoustic
LPG is turned off and the third row for on. The same color scale is used for both rows.
The bottom row depicts the change of intensity (∆I)rel = (Ion − Ioff ) between LPG
on and off in each column. The same color scale is used for all images in this row. All
intensity and difference images are normalized to the maximum pixel intensity observed
in the measurement with LPG off and without polarizer. Therefore, the maximum pixel
intensity is 1. The intensity values were additionally corrected for absorption by the
polarizer, so that the total intensity (sum over all pixles) for LPG off without polarizer
equals the sum of total intensities from the images for αp = 40◦ and αp = 130◦ (for
LPG off).
Concentrating on the images for LPG off without polarizer first, it can be seen that
in both figures (5.13 (a) and (b)) the intensity is concentrated in the beam center. The
intensity is mostly concentrated in the beam center. Further, the intensity pattern is al-
most circular, except for a two side-lobes oriented approximately along the 40◦ analyzer
arrow which overlay the image. One of the side-lobes is stronger than the other. For
5.13 (a) it is the lobe in the upper left, while for 5.13 (b) it is the lobe in the lower right.
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Figure 5.13: Mode field intensities from the SF for LPG on and off imaged by the cam-
era beam profiler: (a) at fac = 3.753 MHz; (b) at fac = 5.222 MHz. Additionally, the
bottom row shows difference images (on− off) and the top row shows the orientation of
the polarization analyzer. The transmission axis is indicated by an arrow if the analyzer
was used. From [86, DOI:10.1117/12.2009585].
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Moving to the images taken with polarizer at αp = 40◦, only marginal differences to
the images without polarizer can be seen in figures 5.13 (a) and (b). On the other hand,
the images for αp = 130◦ show very low intensity. Taking the last two observations
together, one can see that the beam is linearly polarized to a high degree. Numbers will
be given further below. Interestingly, the intensity images for αp = 85◦ and αp = 175◦
are rather different. Especially the intensity patterns at the exterior of the beam have
very different intensity and are oriented in different directions. In figure 5.13 (a), the
difference is more obvious than in figure 5.13 (b). The intensity in the beam center,
however, is very similar between the aforesaid polarizer angles in both figures.
When the LPG is switched on, one can observe a drop of power in the beam center
and a gain at the exterior across all images taken with and without polarization analyzer.
This is visible in the third row from top of figures 5.13 (a) and (b). The effect is much
weaker at fac = 5.222 MHz compared to fac = 3.753 MHz. It can be visualized more
clearly by the difference images in the bottom row. The blue colored areas in the dif-
ference images, which indicate a positive intensity change, clearly show a two-lobed
intensity pattern that is similar to one of those of the second-higher modes expected
from the SF with elliptical core geometry. For fac = 3.753 MHz, the two-lobed pat-
tern is oriented approximately perpendicular to the polarizer arrow at αp = 40◦. Con-
versely, the two-lobed pattern is oriented approximately parallel to this polarizer arrow
at fac = 5.222 MHz. The pattern rotates slightly, but noticeably in the opposite direction
as the polarizer axis.
Supporting data
In the following, the qualitative observations made for the mode field images shall be
supported by specific intensity values. For that purpose, figures 5.14 (a) and (b) depict
the intensity values Ic at the central pixel and the total intensities Itot related to the
intensity images in figures 5.13 (a) and (b). In both figures, the intensity values are
given for all angles αp of the polarization analyzer, including the case without analyzer.
The hatched bars show the values for the case of active LPG (LPG on).
First, the polarization purity shall be considered, when the LPG is off. For a uniform
linearly polarized beam, the normalized intensity should be 1 at a particular polarizer
angle and become 0 when the polarizer is rotated by ±90◦ with respect to that angle.
αp = 130
◦ corresponds to the angle that yields minimum intensity in the beam center in
this particular case. The ratio between the intensities in the beam center for αp = 40◦ to
αp = 130
◦ is approximately 95:5. For the total intensity the ratio is only 87:13. These
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Figure 5.14: Total intensity Itot and intensity at the beam center Ic [extracted from the
BP images in figure 5.13 (a) and (b)] showing the difference between LPG on and off at
different polarizer angles αp. (a) for excitation of the TE01 mode at fac = 3.753 MHz
and (b) for excitation of the TM01 at fac = 5.222 MHz.
values hold for figure 5.13 (a) and (b) within a margin of 1 %. This means that for both
acoustic frequencies the beam polarization has similar purity and that the polarization
in the exterior of the beam is different from that in the beam center.
Now, the LPG efficiency in terms of the intensity values is addressed. Looking at
the results for fac = 3.753 MHz in figure 5.14 (a) taken without polarizer, one finds
that Ic drops to 15 % of its original value when the LPG is switched on. Although
marginally, it can be noticed that Itot also drops about 2 % from its original value. For
fac = 5.222 MHz in figure 5.14 (b), Ic reduces to 75 % of its original value, while Itot
even increases to 102 % of the value measured for LPG off.
When the polarization analyzer is inserted, the behavior of Ic at fac = 3.753 MHz is
as expected. For αp = 40◦, the intensity drops to 15 % of its original value if the LPG
is switched on. This is the same ratio as was measured without polarizer. For αp = 85◦
and αp = 175◦, Ic reduces almost equally if the LPG is switched on. For αp = 130◦,
almost no change is observable (≤ 0.5 % difference) between LPG off and on. The
situation is very different, when the total intensity Itot is considered. For reasons yet to
be discussed, Itot drops about 10 % when the LPG is switched on at αp = 40◦. On the
other hand, Itot increases for αp = 85◦ approximately about the same amount (≈ 0.19)
as it decreases for αp = 175◦ when the LPG is switched on. For αp = 130◦, the angle
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of minimum intensity in the beam center, Itot increases from 0.13 to 0.21 when the LPG
is switched on. Since Ic(αp = 40 o) does not change when the LPG is switched on,
the intensity has increased in the exterior of the beam, which can be already seen in the
corresponding intensity image in figure 5.13 (a).
For fac = 5.22 MHz one finds very similar behavior for Ic and Itot, when the dif-
ferent polarization analyzer settings are considered, apart from the effects being much
weaker. The major difference is that Itot(αp = 40o) increases slightly about 0.01, while
Itot(αp = 130
o) decreases about 0.02.
5.4.4 Discussion of mode field observations
Mode identification
Taking together the previous knowledge from the transmission spectra and the shape and
polarization of the mode intensity patterns, an excitation of the modes TE01 and TM01
can be identified when the LPG is switched on at fac = 3.753 MHz and 5.222 MHz,
respectively. In both cases, the main polarization direction is identical, but the orienta-
tion of the two intensity lobes is rotated by 90◦ with respect to each other. The main
beam polarization also supports the identification of a TE01 and TM01 mode, but the
rotation of the two-lobe pattern in opposite direction to the analyzer rotation could in-
dicate the presence of a hybrid HE21 mode (see e.g. [10]). On the other hand, for
fac = 3.753 MHz and αp = 130◦, the LPG clearly creates azimuthally polarized light,
as would be expected for the TE01 mode. Therefore, the wrong rotation direction might
be related to the presence of a hybrid mode which is not generated by the LPG but which
was unintentionally excited at the SF entrance.
Polarization and mode composition
In figures 5.13 (a) and (b), the fundamental mode is initially excited with the same
polarization purity. This is also supported by comparing the central intensity Ic for
the analyzer angles αp = 40◦ and αp = 130◦. However, higher-order modes are also
excited along with the fundamental HE11 mode, since the total intensity does not drop as
much as the central intensity at the minimum polarizer angle. The higher-order modes
are mainly guided in the outer core (ring) of the SF. Therefore, the intensity pattern
for LPG off show some two-lobed pattern at the exterior of the beam, which overlays
the expected intensity pattern for the HE11 mode. Apparently, there is an interference
between the fundamental and at least one other higher-order mode, which could be
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one of the two HE21 modes, since one of the side intensity lobes is stronger than the
other. One of the lobes can get brighter or darker, if the main polarization direction
of this unwanted higher-order mode is aligned with that of the fundamental mode and
the relative phase difference between those modes is not exactly ±90◦. This phase
difference also determines which of the side lobes appears brighter.
Since an intensity pattern of a superposition of modes depends on the phase difference
between those modes at the end of the SF, it is not possible to distinguish all possible
combinations of modes leading to the same intensity pattern by imaging and using a po-
larization analyzer only. Other methods could be used for that purpose. Time-resolved
interference measurements for the original index tailored fibers of Ramachandran et al.,
are presented in [84, 120], for instance. Alternatively, holographic methods can be used
for mode decomposition and mode excitation [121, 122]. However, these methods are
beyond the goals of this work. Here, it is sufficient to excite the fundamental mode with
high purity and then optimize the grating efficiency to excite a particular higher-order
mode. The optimization process which was used here is already described at the end of
section 5.3.4. As described there, usage of an amplitude-modulated driving voltage for
the acoustic LPG is suggested during the optimization procedure. An experimentally
valuable quantitative parameter describing the mode coupling efficiency in combination
with the modal purity, is the change of intensity in the beam center caused by the am-
plitude modulation. In an ideal case, the intensity should be maximal when the LPG is
off (only HE11 excited) and go to zero when the LPG is on (only one particular second-
higher mode is excited). If the intensity in the beam center does not go to zero, either
the coupling efficiency is not sufficient or other modes then the necessary HE11 mode
are present in the SF. In any case, the modulation depth of intensity in the beam center
will be reduced. Therefore, only looking at the intensity in the beam center is a pow-
erful tool for optimization of the acoustic frequency, the input polarization, the SMF
to SF coupling, and the driving voltage amplitude. Since the optimization is reduced
to the maximization of one scalar quantity, namely the intensity modulation amplitude
between LPG on and off, one can easily automate the optimization routine, which might
be helpful for practical applications outside a laboratory environment. It also offers the
possibility to use lock-in techniques to filter the amplitude modulation frequency.
Conversion efficiency
For fac = 3.753 MHz, the acoustic LPG couples at least 85 % of power from the funda-
mental mode, which has most intensity concentrated in the inner fiber core, to the TE01
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mode, which is guided mainly in the outer core. For fac = 5.222 MHz, on the other
hand, the intensity from the inner core dominates the image even if the LPG on. In this
case, the coupling efficiency was at least 25 %. The difference of the mode conversion
efficiencies can be explained by taking into account several factors. Firstly, the mechan-
ical displacement of the transducer (and hence of the fiber) is lower for fac = 5.222 MHz
than for fac = 3.753 MHz, in accordance with the displacement measurements in sec-
tion 5.3.2. This shortcoming can be overcome by using an optimized piezoelectric trans-
ducer. Secondly, the orientation of the acoustic vibration direction with respect to the
fiber core geometry was the same in both measurements, which means that it can induce
coupling with different strengths for the TE01 mode and the TM01 mode. However, no
substantial improvement of the coupling efficiency could be reached for the TM01 mode
when the fiber was rotated with respect to the vibration direction.
Also, it has to be considered that the TM01 mode is already excited in the SF, with
an intensity comparable to the HE11 mode without the LPG being on. Under these con-
ditions, the power from the initially present TM01 mode is coupled back to the HE11
mode in the same manner, as the coupling occurs in the opposite direction, thereby lim-
iting the visible effect of the mode coupling. The last point underlines the importance
of a high purity of the fundamental mode in the SF. A high polarization purity of the
output modes can only be reached if solely the wanted fundamental input modes, here
the HE11 modes, are excited at the SF entrance.
One limiting factor for the purity of the initially excited fundamental mode is certainly
the large number of guided core modes at λ = 785 nm. It is therefore advisable to seek
for fiber structures which only support the fundamental and second-higher modes at this
and shorter wavelengths, but keeps a high splitting between the effective indexes of the
second-higher modes.
5.4.5 Time behavior and grating amplitude modulation
Figure 5.15 shows a plot of the measured optical power from the beam center, relative to
the maximum power ∆Pc over time. For comparison, in the right hand side of the figure,
the BP image is also given. A black frame indicates the integration area from which the
summed power is measured. The upper BP image is for LPG off and the lower image
is for LPG on. The peak-to-peak driving voltage (before amplification) Vpp is given in
the upper graph on the left of figure 5.15. The driving voltage is modulated manually,
so that the acoustic grating is switched on and off repeatedly. The peak-to-peak voltage
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Figure 5.15: Relative optical power change in the beam center ∆Pc caused by switching
LPG on and of through the peak-to-peak driving voltage VPP (shown before amplifica-
tion) as function of time t. The intensity images on the right hand side show the region
of interest (black box) used to measure the optical power. Upper right image: LPG off,
lower right image: LPG on.
of the ac-signal before amplification was varied slightly around the optimal value, for
which the strongest and most stable mode coupling could be found, between individual
on periods. From left to right, the individual peak-to-peak voltages for LPG on are
120 mV, 120 mV, 100 mV, 100 mV, and 140 mV.
During time intervals, when the LPG is switched off (no driving voltage), the power
in the beam center is constant within±4 %. The laser is specified to provide a stable out-
put power within a 1 % margin on these time scales. Hence, the fluctuations are mainly
caused by mechanical instabilities of the SMF-to-SF coupling, which do not only effect
the total power coupled into the guided modes of the SF, but also the mode composition.
Shortly after the LPG is switched on, the power in the beam center drops to a minimum
value, which indicates conversion of power from the HE11 modes to higher-order modes
(TE01 in this case). Due to the limited time-resolution of the BP, this step could not be
studied in detail. Nonetheless, for a time span of about 5 s, the power in the beam center
partially recovers, before is settles at an almost constant level. This means that the LPG
efficiency is highest directly after it is switched on, reduces for the aforementioned time
span, and stays constant thereafter, at least for about 20 s. Ohmic heat generation in the
piezoelectric transducer is a possible cause for this behavior. Additionally, at the mo-
ment of switching the LPG on, there will be a broad spectrum of acoustic frequencies,
due to the rapid amplitude change. Hence, the optical mode coupling bandwidth will
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also be increased. However, this effect can be expected to cease within a time inversely
proportional to the acoustic frequency, which would be in the milliseconds range at
most. Clearly, the power recovery is much slower in the measurement, which makes it
unlikely that the actual switching process is responsible for measured time dependence.
To avoid damage to the transducer, the driving voltage is switched off after about 30 s.
For the first time the LPG is switched on, there is an overshoot before the power
stabilizes, which does not appear for the other on-periods. The origin of this difference
remains unclear. For the last on-period, where the highest driving voltage of 140 mV
was used, the strongest power drop is observed, but the slope of recovery is steeper than
in the other cases and the power does not settle at a constant level, but tends to increase
further. The latter gives another indication that heating of the transducer is responsible
for the power recovery and reduction of mode coupling efficiency over time, since it can
be expected that more heat is produced for higher voltage amplitudes.
From the observations described above, one can draw the conclusion that the elec-
trical and mechanical setup of the LPG do not allow for a full power transfer between
optical modes. Only at acoustic frequencies were smaller driving voltages can achieve
the same or even higher mechanical displacements, a full power transfer between two
optical modes can be achieved and maintained over longer periods of time. The acoustic
frequencies, however, cannot be chosen arbitrarily, but have to be adapted to the opti-
cal wavelength and the mode transition needed in the experiment. As could be seen in
figure 5.10 (b), the acoustic frequencies for excitation of the TM01 and TE01 modes are
not in the range of maximum grating efficiency. It is therefore necessary to optimize
the electrical and mechanical design of the acoustic LPG for higher mode coupling ef-
ficiency and more broadband operation, to exploit the full potential of the method.
5.5 Summary and conclusions
This chapter dealt with the construction of an acoustic long-period fiber grating and its
ability to convert selected guided core modes in an index-tailored special fiber (SF) was
demonstrated. The construction of the acoustic LPG and the ideas which lead to its
current design were discussed in detail. A multitude of optical transmission spectra was
acquired to measure the effective index splitting in the SF. Thereby, a theoretical acous-
tic dispersion relation for the fiber’s lowest-order flexural mode was used, which was
backed up by an experimental measurement of the relation between the acoustic phase
velocity and the acoustic frequency. From the transmission spectra, a mode coupling
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scheme was developed, which allows not only to attribute individual spectral features to
the corresponding fiber mode transitions, but also gave some insight into the correctness
of the numerical models which were developed for the same SF in chapter 4. There-
fore, the measured and simulated effective index difference curves agree well. The
best agreement between measurement and simulation is achieved for the model with
non-rotated elliptical boundaries. It is not surprising that the measured effective index
splitting between the TM01 mode and the HE
o
21 mode is slightly lower than the value
predicted by the simulation, 1.4× 10−4 compared to 1.8× 10−4, since the simulation
model overestimates the steepness of the refractive index slopes of the fiber core.
A strong frequency dependence of the mechanical displacement of the optical fiber
was found. High displacements correspond to high optical mode coupling efficiency,
but the displacement amplitude shows rapid oscillations over the frequency, which leads
to a similar dependence of the optical mode coupling efficiency. Correspondingly, the
maximum power coupling efficiency which could be observed did not reach 100 %. At
785 nm optical wavelength, the highest provable coupling efficiencies were 85 % be-
tween a fundamental HE11 mode and the TE01 mode, and 25 % between a fundamental
HE11 mode and the TM01 mode. The coupling efficiencies were determined from a
direct measurement of the intensity distributions emerging from the SF after the LPG,
which also supported the mode assignment which was introduced by the mode coupling
scheme.
The mode coupling efficiency is currently limited by two factors. Firstly, due to the
large number of modes which can be guided in the SF core at near infrared wavelengths,
a clean excitation of a single fundamental mode is complicated. Although great care was
taken in the experiments, unwanted modes were excited with at least 10 % of the total
power. Secondly, the electrical and mechanical performance of the LPG did not provide
sufficient mechanical displacement of the fiber for a full power transfer between optical
modes. Increasing the driving voltage could not overcome this issue since the piezo-
electric performance was limited by heating of the transducer. The latter was inferred
from the time dependence of the mode coupling efficiency, which was observed in the
beam profiler measurements.
In comparison to the original works of Ramachandran et al. [11, 12], who generated
individual second-higher polarization modes by using mechanical LPGs with a similar
SF, the present work lacks a substantial amount of coupling efficiency. Further, the SF
used in [11, 12] posses better rotational symmetry of the fiber core. While the fiber core
symmetry is an issue which can only be tackled in the fabrication process, an optimiza-
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tion of the acoustic LPG design is certainly possible using the knowledge acquired in
this and other works. The goal has to be to achieve higher mechanical displacements
over a broader wavelength range with smooth frequency dependence in a simple and
low-cost LPG setup. Therefore, performing multi-physics numerical simulations of the
full LPG setup, including electrical and mechanical processes, are highly advisable. For
frequencies below 1.3 MHz such simulations have recently been published [123].
Nonetheless, using an acoustic LPG for mode excitation still offers indisputable ad-
vantages, since it is readily electronically controllable, the output mode can be easily se-
lected via the acoustic frequency, and it is possible to combine multiple acoustic LPGs to
excite a desired mode combination [16]. Potential applications can be found for (fiber)
optical sensors based on surface plasmon resonances [124], focus field and polariza-
tion engineering [10, 5], or the generation of modes with orbital angular momentum for
next-generation data transmission [17, 125, 126], which the interested reader may refer
to for further reading.
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6.1 Introduction
The goals of the experiments in this chapter are to visualize and quantify the effect
of higher-order fiber modes to high-resolution far-field microscopy. By doing so, it
will be shown that a strong longitudinal electric field component can be created in the
microscope focus at will by switching the acoustic LPG on. Hence, the usefulness
of an electronically controllable mode converter based on an acoustic LPG shall be
demonstrated.
The chapter starts with a short introduction to the development and applications of
higher-order laser modes in far-field microscopy. Afterwards a simplified analytical
description of the field distributions created by the acoustic LPG is used to calculated
the focal fields. These will be compared to the experimental results, which are discussed
at the end of the chapter.
6.2 Complex beams in high-resolution far-field microscopy
This section will give some examples for application of complex beams like CVBs
to far-field microscopy. In strong focusing conditions, the vectorial character of these
beams creates peculiar effects that are exploited for the respective techniques. All tech-
niques rely on a stable creation of the desired beam. In most of them, more versatility
is achieved if the polarization distribution of the excitation beam can be manipulated
at will. However, it must be ensured that the illuminating beam direction is not altered
by changing the beam polarization, which requires great care if mechanical polarization
rotators are used. This provides a motivation to study alternative approaches for creat-
ing complex beams based on optical fibers together with acoustic LPGs in this work,
although their applications are not limited to far-field microscopy.
The two most widely used examples of CVBs are the radially and azimuthally polar-
ized doughnut beams. If strongly focused, a radially polarized beam produces a strong
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longitudinal field component which can even dominate the total field intensity in the
focus. Conversely, an azimuthally polarized beam produces a purely transverse field
distribution in a tight focus. These effects were calculated in [127] and also demon-
strated by imaging randomly oriented molecules in [128]. In the latter, the orientation
of the molecular dipole moments could be estimated from their emission pattern. Zhan
et al. introduced the generalized CVB concept and showed how combinations of radi-
ally and azimuthally polarized beams can be used to shape the intensity distribution in
the focus [129] with implications for particle trapping and laser machining, to name a
few [10]. Furthermore, Dorn et al. gave experimental prove for a reduction of the focal
spot size for a radially polarized beam [130]. As another application, Failla et al. intro-
duced a method to determine the orientation of metal nanorods on a surface by using
CVBs [4]. It was found a short time later that differently shaped nanoparticles (NPs),
like spheres, rods, or triangles, produce discernible scattering patterns when illuminated
with radially and azimuthally polarized beams [131], whereby the polarization modes
can give complementary information. The concept of orientation determination was ex-
tended just recently to simultaneously determine the orientation and position of isolated
gold nanorods in three dimensions by combined confocal scattering and luminescence
microscopy using CVBs [132]. CVBs can also be used for confocal dark-field imaging.
Advantages of this can be that the amount of defocus can be determined by comparing
signals for azimuthally and radially polarized illumination, and that edges in a certain
direction can be imaged selectively by controlling the polarization direction [133]. Fur-
ther applications might emerge by using a spatial light modulator to prepare the vectorial
point spread function in the focus as needed [134].
All of the examples discussed above directly make use of the three-dimensional po-
larization properties of strongly focused CVBs. There are other methods in which one
is only interested in the total intensity distribution in the focal region that could also
profit from using CVBs in some cases. An example for this is [135], were optimized in-
tensity patterns for fluorescence inhibition are studied. These intensity patterns are used
in combination with reversible saturable optical fluorescence transitions (RESOLFT)
[136]. The most prominent method of the RESOLFT-family is stimulated emission
depletion (STED) microscopy. In particular, a circularly polarized doughnut mode is
considered in [135], among other beams. This particular beam can be generated by
superimposing a radially polarized beam and an azimuthally polarized beam of equal
intensity with a phase shift of pi/2. If this mode combination was created in a sin-
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gle fiber-optical polarization mode controller, one would benefit from the fact that both
modes are aligned perfectly with respect to each other.
In summary, many applications of CVBs in far-field microscopy have already been
established and their number is still growing. In several cases it is beneficial to have a
mode converter at hand which can switch between different CVB polarizations without
distorting the beam direction. Both arguments provide a strong motivation to realize an
easy-to-operate fiber-optical solution based on acoustic LPGs. Of course, this overview
could only cover a small part of all the work which has been conducted in relation
to microscopy with CVBs. The interested reader may follow the extensive reviews in
[10, 5] for more information.
6.3 Theoretical considerations
In the experiments described in subsequent sections, a spherical NP is used to probe
the field distribution of tightly focused non-fundamental fiber modes. This includes a
transformation of the incident laser beam by the excitation point spread function (PSF),
which induces a polarization in the particle. This polarization field is the source of
backscattered light which undergoes a back transformation through the microscopes de-
tection PSF [19, Chp. 4.3]. The NP can be considered as three individual point dipoles
which respond linearly to the local electric field. Two dipoles are oriented perpendicular
to the optical axis within the object plane, and one is oriented along the optical axis, out
of the object plane. Spherical NPs have a linear, isotropic polarizability. Hence, the total
scattered power depends only on the input light intensity. On the other hand, the direc-
tivity of the scattered power is influenced by the local field polarization. Since a confocal
setup is used here, and to keep the discussion in bounds, the back-transformation of the
imaging process will be disregarded.
In the following, possible focal field distributions are calculated to help understanding
the experimental results that follow afterwards. Thereby, it is useful to rely on well
known analytical field expressions to avoid intensive numerical simulations.
Focal fields of Hermite-Gaussian beams
From the results of chapter 5, it is known that when the acoustic LPG is switched on,
ideally, the beam emerging from the SF changes from a linearly polarized beam with
a nearly Gaussian intensity profile into a beam which is characterized by two intensity
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maxima with opposite field polarization with respect to the optical axis and a zero in-
tensity in the center of the beam. The fields of the second-higher modes from the SF
are neither purely linearly nor purely radially or azimuthally polarized. Nonetheless,
since the fields of the fundamental and second-higher modes are mainly linearly po-
larized (along a given axis), one can get some insight into the possible focal fields by
considering linearly polarized Hermite-Gaussian laser beams instead of the actual fields
from the SF. Consequently, some deviations have to be taken into account in the actual
experiment.
The focal fields of Hermite-Gaussian (HG) beams can be expressed analytically by
the formulas given in [19, Chp. 3.7]. Four HG modes are particularly important. These
are HGx00, HG
y
00, HG
y
01, and HG
x
10. In the far-field, all these modes are linearly polarized
along the x- or y-axis according to the superscript of the mode label. The HG00 modes
represent the fundamental modes and they have a radially symmetric Gaussian intensity
distribution. HGy01 and HG
x
10 have an antisymmetric field distribution with respect to the
y-z-plane, which leads to an intensity pattern with two equal maxima. The difference
between these modes is that their polarization is perpendicular with respect to each
other.
Through focusing, the linearly polarized HG modes acquire a truly vectorial character
and with a few exceptions, all field components will gain non-negligible intensity. Fig-
ures 6.1 (a) through (d) show the intensity |E |2 distributions of individual vector field
components as well as the total intensity for the HG modes mentioned so far. All mode
fields are normalized to have the same total intensity. Further, each image is scaled to a
maximum of 1 and the scaling factor is given above each image. The lateral dimensions
are given in units of wavelength. For the experiments described in the following section,
the total intensity |E tot|2 is the most important quantity. The differences between the
total intensity distribution for different modes originates from their polarization proper-
ties. For instance, comparing the highly focused HGx00 and HG
y
00 modes in 6.1 (a) and
6.1 (b), the total intensity shows an elongated blob-like pattern along the main polar-
ization direction of each mode, which is due to the presence of a markable longitudinal
field componentEz. Although the far-field intensity patterns of HG
y
01 and HG
x
10 are also
very similar, their total intensity distributions in the focus deviate strongly. The main
difference is that for the HGy01 mode the intensity is zero along the x- and y-axes, while
for the HGx10 the strong longitudinal field component leads to significant intensity in the
center of the focus, comparable to that of the two side-maxima.
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Figure 6.1: Calculated focal intensities of different Hermite-Gaussian-modes for an ob-
jective lens with NA = 1.4 and aperture filling factor f0 = 1.0, according to the formulas
in [19, Chp. 3.7]. The mode designations are given below each figure.
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Figure 6.2: Calculated focal intensities for combinations of two Hermite-Gaussian-
modes with equal total intensity (objective lens with NA = 1.4 and aperture filling
factor f0 = 1.0, according to the formulas in [19, Chp. 3.7]). The mode designation and
power ratios are given below each figure.
Using the acoustic LPG to excite specific polarization modes of the SF, as shown
in section 5.4.3, a complete mode conversion from a single fundamental to a second-
higher mode cannot be achieved at the present time. If the LPG coupling efficiency is
significantly lower than 100 %, it has to be expected that at least two modes emerge
from the SF while the acoustic LPG is on. For instance, this can be a fundamental mode
of appropriate polarization, e.g. HEo11, and one higher mode, e.g. TE01. Figure 6.2
thus depicts the focal fields of similar mode combinations, described by appropriate
HG modes. In sub-figure (a), a combination of a HGy00 mode and a HG
y
01 mode with
equal intensities are shown. Interference is neglected since the acoustic LPG introduces
a frequency shift between both modes. The resulting intensity beating is averaged out by
a slow photo detector. The HG mode combination shown here corresponds to the HEo11
and the TE01 modes of the SF. Using the acoustic LPG, the strongest mode-coupling
was achieved for this particular pair of fiber modes in the previous chapter. Therefore,
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Figure 6.3: Calculated focal intensity profiles for combinations of two Hermite-
Gaussian-modes in x- and y- direction. In each combination, both modes have equal to-
tal intensity. The mode designations are given in the legend. Objective lens with NA = 1.4
and aperture filling factor f0 = 1.0, according to the formulas in [19, Chp. 3.7].
other polarization modes will be created in the next section by means of a polarization
rotator to show the resulting change in the intensity distribution in the focus. Hence,
the HGy00 will be transformed to a HG
x
00 mode and the HG
y
01 will be transformed to a
HGx10 mode. The intensity distributions for this second mode combination are shown in
figure 6.2 (b). One finds that the total intensity distribution in (a) and (b) contain high
intensities at the center of the focal plane. Therefore, the total intensity distributions of
(a) and (b) are much more similar to each other, than those for the the individual HGy01
and HGx10 modes in figures 6.1 (a) and (b). Nonetheless, they can still be distinguished
by their different lateral widths and peak intensity values. It is noticeable that the total
intensity distribution of the combination of HGx00 and HG
x
10 has very a different extent
in the x- and y-direction. For the combination of HGy00 and HG
y
01, the widths are more
similar in the x- and y-direction.
For a better comparison, line profiles of the total intensity in the focal plane are de-
picted in figure 6.3. A major difference between both mode combinations is the much
higher intensity value in the center of the focal plane, which originates from the z-
component of the HGx10 mode. One can also see that the slope at the edge of the main
intensity peak in the x-direction is steeper for the HGy01 mode than for the HG
x
10. In the
y-direction, it is the HGx10 mode which shows a faster decay away from the center of the
focal plane.
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6.4 Experimental details
A confocal sample-scanning setup was built from commercial optical and mechanical
components for the purpose of this study. The setup is depicted in figure 6.4. It is
based on an inverted optical microscope (Zeiss Axiovert 200 Mat). The microscope
contains a high numerical aperture objective lens (OL, α-Plan-APOCRHOMAT, 100x,
1.45 NA), a non-polarizing beam splitter (BS, splitting ratio 50:50), the tube lens (TL),
and a side-exit-mirror (M8). The objective lens focuses the laser radiation of 785 nm
wavelength and collects back-scattered light of the same wavelength. A multi-mode
optical fiber (MMF, Thorlabs AFS50/125Y, 50 µm core diameter, 0.22 NA) is placed in
the image plane and acts as pinhole for confocal detection, while simultaneously guiding
the collected light to a photo-diode (PD1, Thorlabs PDA8A/M). Further, a laser clean
up filter (LF, Semrock LL01-785) in front of the fiber entrance prevents stray light from
reaching the detector. The laser source is a narrow-band diode pumped solid-state laser
(DPSS, BW-TeK BRM-785), emitting continuously and operating in a single transverse
mode.
The specimen (NPS) consists of gold nanoparticles (NPs, BBInternational EM.GC30,
30 nm diameter) which were randomly distributed on top of a cover-slide by “blow-
drying the original colloidal suspension [. . . ] by means of an omnidirectional stream
of air” [137]. From experience, one knows that this method disperses the NPs well.
The scattering spectrum of a particle can be used as reference in order to prove that a
single particle of the right size is used in the experiment [138]. The particles are then
immersed in index matching oil. The cover-slide is attached to the bottom side of a glass
object holder and the index matching oil completely fills the space between the two. The
purpose of index-matching oil is to reduce reflections from the glass surfaces close to the
particles that could lead to a strong background dominating the measurement signals.
The specimen is mounted on a scanning platform (Mad City Labs, Nano-LPS300) used
for confocal scanning.
The laser source is coupled to a single-mode fiber (SMF, Nufern 780HP) incorpo-
rating a fiber-optical polarization controller (POL, Newport F-POL-IL). The end face
of the SMF is positioned very close to the entrance face of the special fiber (SF) by
means of a high-accuracy fiber-to-fiber positioning system (FF, Thorlabs NBM513/M
and NBM413/M). The purpose of the positioning system is to excite the fundamental
mode of the SF with as high efficiency as possible, while minimizing the excitation
of other modes. This step turned out to be non-trivial but also crucial for the LPGs
performance. Hence, careful alignment of the fiber-to-fiber coupler is very important
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for the overall quality of the experiment. Further, a mechanical mode scrambler (MS,
Newport FM-1) was used to create some adjustable bends of short radius in the fiber.
This supports the mode selection process. Further, each fiber end face is covered with
a small drop of index matching gel that reduces losses and further improves the funda-
mental mode excitation. More details of the optical setup with respect to fiber-optics
were already given in section 5.3.4.
The acoustic LPG is installed on the next section of the SF as already described in
section 5.3.4. The corresponding acoustic frequency is chosen to excite the TE01-mode,
since this is the most effective mode excitation possible for this setup. The orientation
of the SF’s transverse axes and the input polarization are adjusted accordingly. Light
emerging from the SF after the LPG is collimated by an objective lens (CL, Newport
M20x, 0.40 NA, 9 mm focal length and 5.0 mm clear aperture) and directed into the
microscope using several adjustable mirrors (M1 - M6). The orientation of the two in-
tensity maxima of the TE01-mode is flipped from the vertical to the horizontal direction
upon reflection by mirror M3. This axis does not coincide with the x-axis of the sample
scanner, but is rotated about 15◦ due to the orientation of the SF. The axis connecting
the intensity lobes will be referred to as x˜-axis in the following.
As is known from the simulations in section 4.4.1, the TE01-mode of the SF possesses
an anti-symmetrical transverse field, which is in part azimuthally and in part linearly po-
larized, if the fiber core geometry is not circular. To convert the polarization distribution
from the SF, the beam passes two half-wave plates (HWPs, Thorlabs WPH05M-780
and AHWP05M-600) which can rotate the polarization independently from the input
state. If the relative angle between the fast axes of the HWPs is 0◦, the polarization is
unchanged. If the angle is adjusted to 45◦, the azimuthally polarized parts of the beam
become radially polarized, and vice versa (each polarization vector is rotated by 90◦ in
the same direction). As a side effect, the beam is also shifted slightly, if the rotated
HWPs surface is not perfectly normal to the optical axis. Therefore, a small position
shift will occur in the confocal images. In the actual experiment, the relative angle be-
tween the two HWPs that is needed to achieve a polarization rotation of 90◦ is actually
46◦ (instead of the nominal 45◦ for two ideal HWPs). The angle will be called αHW in
the following.
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Figure 6.4: Optical setup for confocal NP imaging using higher-order fiber modes. Ab-
breviations: photo detector (PD), multi-mode fiber (MMF), line filter (LF), mirrors (M),
tube lens (TL), objective lens (OL), beam splitter (BS), polarizer (P), camera beam pro-
filer (BP), half-wave plates (HWPs), glass plate (GP), collimation lens (CL), special
fiber (SF), acoustic long-period fiber grating (LPG), mode scrambler (MS), fiber-to-
fiber coupling (FF), fiber polarization controller (POL), single-mode fiber (SMF).
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A camera beam profiler (BP, Thorlabs BC106-VIS) is placed next to the microscope.
The beam path can be switched between microscope and BP via a flip mirror (M7). The
BP is used to check the collimation and mode purity of the light emerging from the
special fiber, to optimize the input polarization in the SMF, and to adjust the voltage
and frequency applied to the LPG for best mode conversion efficiency. The optical
path length between mirror M7 and the CCD-surface equals the path length between
M7 and the center of the microscopes objective lens. This is to make sure that the
wavefronts are plane in the back-focal plane of the objective lens. Further, a thin glass
plate (GP) reflects a small amount of the light intensity to an additional photo detector
(PD2, Thorlabs PM100A and S121C). The signal of the second photo detector was
measured along with the signal from PD1 to allow for a correction of power fluctuations
which can be introduced by mechanical instabilities of the fiber-to-fiber coupling or by
changes of the laser output power.
The confocal scanning is performed point-wise, recording data in forward and back-
ward direction of each scan line. The LPG is switched on for the measurement in back-
ward direction and off in the forward direction. The focus was adjusted by maximizing
the confocal signal, while scanning on a single line over a particle. The acquisition time
per pixel is in the range of 1 ms to 5 ms. Together with the response time of the sam-
ple scanner and the scanning electronics, the typical acquisition times for a 100 px by
100 px image were in the range of 1 min to 5 min.
6.5 Results
In this section, confocal images for one individual spherical NP under different excita-
tion conditions are presented. Figure 6.5 shows the acquired data. Sub-figure (a) and
(b) represent measurements using αHW = 0◦ (relative angle between the two half-wave-
plates’ fast axes), and sub-figure (c) and (d) represent αHW = 46◦. The LPG is off (no
driving voltage) (a) and (c), and for (b) and (d) the LPG is on. The data of the images is
the signal of PD1 divided by the signal of PD2. The color scale of all images is chosen
equally, so it can be compared across the images.
All particle images show a single intensity blob with a (roughly) Gaussian-like inten-
sity distribution. However, the particle images appear not perfectly cylindrical symmet-
ric. Notably, the intensity distribution in figure 6.5 (c) (αHW = 46◦, LPG off), appears
to be deformed and shifted with respect to figure 6.5 (a) (αHW = 0◦, LPG off). The data
for figure 6.5 (c) and (d) was acquired after rotating one of the half-wave plates. Due to
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(d) LPG on, αHW = 46◦
Figure 6.5: Confocal scattering image from an individual gold nano-sphere. The color
scale indicates the signal from the confocal photo detector (PD1) normalized to that of
the second detector (PD2). The white lines indicate the coordinates for the line profiles
in figure 6.6.
the (assumed) isotropy of a spherical NP, no change in the particle image is suspected
by this change of incident (transverse) polarization, when a clean fundamental mode
is assumed to emerge from the fiber for LPG off. So, it can be concluded right away
that the intensity distribution in the focus, which determines the shape and position of
the particle images, depends heavily on the beam alignment. Small offset and/or tilt
of the input beam with respect to the optical axis of the microscope objective alter the
intensity distribution considerably. Also, the focus position (along the optical axis) is
very important for both the signal strength and the image shape in a confocal setup.
Since a transverse shift of the illuminating beam will also have an impact on the focus,
this could be a cause for the intensity difference. At least, laser power fluctuations are
canceled, since the images show the signal of PD1 relative to PD2.
Comparing the LPG off images with the on images, switching the LPG on decreases
the maximum and average intensity. Interestingly, the total power of the illuminating
beam drops about 5 % already before it enters the microscope, which is detected by PD2.
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Nonetheless, the total intensity of the on image, calculated by summing the confocal
signal from each pixel, still drops about 31 % compared to the off image, although all
images are normalized to the signal of PD2. Apart from the power drop, the shape of
the intensity distribution in the focus changes notably. When switching the LPG on,
thereby coupling power from the fundamental fiber mode to the TE01-mode, the widths
of distributions get wider, especially in the images x-direction. On the other hand,
almost no change is visible in the y-direction. It can also be seen that the direction
of elongation is not exactly aligned with the image’s x-axis (horizontal). It is rotated
about 15◦ in clock-wise direction due to the orientation of the fiber. Therefore, an
appropriately rotated coordinate system (x˜, y˜) is defined, in which the x˜-direction is
rotated about the aforementioned angle with respect to the images horizontal. White
lines indicate these axes in figure 6.5.
A more quantitative analysis can now be performed by extracting line profiles in the
x˜- and y˜-direction from the images for LPG off and LPG on. The profiles are chosen
to be centered on each intensity blob, the position of which is determined by a two-
dimensional Gaussian fit. The upper row of graphs in figure 6.6 depicts the profiles for
LPG off, and the lower row depicts the profiles for LPG on. The lateral dimensions are
scaled to units of wavelength, which is 785 nm. Linear interpolation is used to determine
values between discrete pixel positions, which is necessary due to the rotation of the
(x˜, y˜) coordinate system with respect to the scanner coordinate system.
First, the curves for LPG off depicted in the upper row of figure 6.6 are considered.
In x˜-direction, the curve for αHW = 0◦ (blue color, plus markers) is very similar to the
curve for αHW = 46◦ (green color, cross markers), apart from the sizable power drop
for the latter. Both curves are symmetrical with respect to x˜ = 0λ. The profiles in
y˜-direction sharpen around the maximum position, showing a noticeable deviation from
a Gaussian bell-shaped curve. The maximum of the curve for αHW = 46◦ is shifted
about 0.05λ with respect to the maximum for αHW = 0◦. Although the maximum
for αHW = 0◦ does not coincide precisely with y˜ = 0λ, the curve for αHW = 0 ◦
appears more centro-symmetric than the curve for αHW = 46◦. The latter curve shows
a pronounced shoulder around y˜ ≈ 0.5λ.
Next, the curves for LPG on in the lower row of figure 6.6 shall be considered.
The profiles along the x˜-axis for αHW = 0◦ and αHW = 46◦ coincide for the most
part. A major difference can be seen around the maximum position, whereby the curve
for αHW = 0◦ has an asymmetrical drop of intensity, with respect to the curve for
αHW = 46
◦. Further, the tail of the curve for αHW = 0◦ around x˜ ≈ −0.9λ is slightly
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Figure 6.6: Line profiles in x˜- and y˜-direction (along major and minor axis of rotated
Gaussian blob) extracted from figure 6.5, showing the transverse intensity distribution
for LPG on and off. The incident polarization axis is in the y˜-direction for αHW = 0◦
and in the x˜-direction αHW = 46◦, respectively.
more pronounced. In the y˜-direction, the profile for αHW = 0◦ is completely included
in the profile for αHW = 46◦. In other words, the profile for αHW = 46◦ is slightly wider
and also shows a higher maximum value. A considerable difference is seen around
y˜ ≈ 0.5λ, whereby the profile for αHW = 46◦ has a stronger shoulder than the profile
for αHW = 0◦. Apart from this shoulder and the maximum position, the curves are very
similar. The shoulder is, however, also present for αHW = 46◦ and LPG off, and is
probably not caused by switching the LPG on.
Figure 6.7 depicts the FWHM for each profile from figure 6.6. The left chart stands
for the width in x˜-direction and the right chart for the width in y˜-direction. Looking at
the x˜-widths, one finds that FWHM(x˜) is about 20 % higher for the cases when the LPG
is on (hatched bars) compared to the values for LPG off. Comparing the two half-wave
plate positions, it can be seen that this difference is slightly higher for αHW = 0◦ than
for αHW = 46◦. The profile for αHW = 46◦ and LPG off is about 0.01λ wider than for
αHW = 0
◦ and LPG off, however this corresponds only to 2 % of the total width, and is
considered to be of little importance. In the y˜-direction, the widths are all very similar
to each other. The biggest deviation is observed for αHW = 46◦ and LPG on. This width
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Figure 6.7: Line widths (FWHM) in x˜- and y˜-direction (along major and minor axis of
rotated Gaussian blob) extracted from figure 6.5. Left and right graph depict FWHM(x˜)
and FWHM(y˜), respectively.
is 2 % larger than the average. So there is a small width increase for this particular case,
but no general trend is visible for the y˜-profiles.
Finally, one can compare the aspect ratios between the x˜- and y˜-FWHMs, calculated
as FWHM(x˜)/FWHM(y˜). Considering αHW = 0◦ first, one gets a ratio of 0.97 for
LPG off and a ratio of 1.21 for LPG on. For the y˜-polarized state at αHW = 46◦, the
values are very similar, with 0.99 for LPG off and 1.17 for LPG on.
6.6 Discussion
In the following, the findings from this chapter shall be summarized and their origins
and implications will be discussed. For the discussion, it is useful to remember that
the polarization of the TE01 mode from the SF is aligned mainly along the y˜-axis for
αHW = 0
◦. Changing the angle to 46◦ rotates the polarization in each transverse field
point about 90◦. This converts the initial TE01 mode to an artificial TM01 mode, of
which substantial parts are radially polarized. As a consequence of the changed input
polarization distribution, the intensity in the focus center is increased for αHW = 46◦
compared to the case where αHW = 0◦, the acoustic LPG being on in both cases. The
TM01 mode creates a strong longitudinal field component in the focus which causes the
increased intensity in the focus center, which was detected by the confocal measure-
ments using a spherical NP to probe the total intensity. Since this is only an indirect
prove for the presence of the longitudinal electric field component, other causes for this
result must also be examined carefully.
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Most certainly, the power drop which results from changing αHW from 0◦ to 46◦ in the
LPG off images is connected to an artificial beam offset introduced by the HWP rotation.
At this point, it is not possible to determine the difference of the plane polarizability
anisotropy of the NP, so this is another possible cause for the power drop. Although,
one would not expect such a dramatic polarization dependence1. On the other hand,
the image shift is undoubtedly connected to the HWP rotation, since it was observed
in additional measurements, which were not shown here, as well. A high number of
measurements with similar particles with a known size and aspect ratio distribution
should be conducted to quantify the sensitivity to in-plane particle anisotropy. However,
other optimizations which will be discussed at the end of this section have higher a
priority. Ultimately, particle shape and polarizability characterization is one possible
and promising application of higher-order polarization modes, as several publications
in this direction have already shown [4, 139, 5].
Yet another unintentional feature of the confocal measurements is the power drop that
is observed when the acoustic LPG is switched on. This result is explicable, though.
Since the total output power from the SF is not changed by the LPG, as was shown in
section 5.4.3, this loss of optical power has its origin within the confocal measurement.
As was explained above, there is already a power drop detected at PD2 and an even
stronger power drop in the confocal signal from detector PD1. Therefore, it is reason-
able to assume that power is lost at the collimating lens (CL) and at the back-aperture of
the microscope objective. When the acoustic LPG is switched on and higher modes are
excited, more power is concentrated in the exterior of the beam. This means that any
aperture the beam has to pass will result in stronger power loss for higher modes than
for fundamental modes. The power loss at the objective back aperture could be reduced
by decreasing the beam width through a different collimating lens. On the other hand,
this would also reduce the filling factor f0 of the objective lens. But a large filling factor
is necessary for achieving a small spot size in the focus and fosters the presence of all
three vector field components [19].
If one looks at the peak intensities measured when the acoustic LPG is on, one finds
higher values for αHW = 46◦ than for αHW = 0◦. This is directly observable from the
confocal images, but a quantitative comparison is better possible from the extracted line
profiles (figure 6.6). The profiles also show a dip along the x˜-direction for αHW = 0◦.
1 The manufacturer does not provide specific information about the shape distribution of the NPs.
Nonetheless, SEM measurements for other experiments using the same particles supported their quality
so far.
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These features are in agreement with the predictions from the theoretical considerations
in the beginning of the chapter, where possible focal field distributions for a combination
of fundamental and second-higher Hermite-Gaussian-modes are considered (e.g. figure
6.3). As was discussed there, a higher on-axis intensity maximum is related to the pres-
ence of a stronger longitudinal field component for the x-polarized mode combination.
However, the measured differences between the two polarization mode combinations is
much weaker than expected from the calculation. On the other hand, one has to take
into account that the total power already drops considerably for LPG off when αHW is
changed from 0◦ to 46◦. In the light of this observation, the intensity in the center of
the focus for LPG on and αHW =46◦ will be much higher, if there were no beam offset
introduced from rotating the HWPs.
Apart from the points directly at the focus center in the x˜- and y˜-direction, the line
profiles for LPG on are very similar, if one compares both polarization mode combina-
tions. Conversely, the calculated profiles for the HG-mode combinations predicted well
distinguishable line shapes, at least in the x-direction (corresponding to the x˜ direction
of the measurement). A possible reason might be the image shape distortion from the
HWP rotation, which is also likely to be responsible for the asymmetrical appearance
of shoulders in the profile, which are not present in any of the calculated profiles. Also
interference with unintentionally excited fiber modes can have similar effects.
A major question is, if the mode conversion efficiency of the acoustic LPG is too
low to have significant effect on the focal fields. According to the results in section
5.4.3, a 50 % conversion efficiency should certainly be possible, even if the LPG is
operated for longer time spans, for which a reduction in efficiency due to heating of the
transducer was observed. Even if the LPG efficiency is as low as 30 %, one should see a
higher peak value for the x-polarized mode-combinations in the on profile, nonetheless.
Although, the profiles get more and more alike as the amplitude of the TE01 mode
reduces compared to the fundamental mode.
Finally, it must be considered that the combination of HG-modes chosen here is inap-
propriate to describe the fields emerging from the SF correctly. Especially the profiles
along the y˜-direction with LPG off show a strong deviation from the Gaussian bell-shape
around the maximum position (upper right graph in figure 6.6). It is therefore not sur-
prising that some of the subtle features from the HG focal field profiles are not present
in the measured data. One of those features is that the radially symmetric intensity dis-
tribution of a not tightly-focused, linearly polarized HG00-beam gets transformed into
an elongated shaped intensity distribution in a tight focus. The direction of elongation
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coincides with the polarization direction of the HG00 mode. On the other hand, if one
considers the intensity profile of fundamental HE11 modes from the SF, one finds that
the fiber modes have elongated intensity distributions along the same direction for both
polarization states. See, for instance, the simulated mode fields in figure 4.7 on page
page 51 or measured mode fields in figure 5.13 on page page 94 for comparison. The
axis of elongation of the fiber mode intensity distribution corresponds to the x˜-direction
in the experiment (perpendicular to the main polarization direction of the TEo01 mode),
and is determined by the fiber core geometry, not by the polarization direction.
The measurement results discussed so far indicate that an acoustic LPG together with
an appropriate optical fiber can be used as a tool to selectively design the electromag-
netic vector field in a microscope’s focus. The better the field distribution is understood,
the more information can be extracted from a confocal image. In the present work,
the field was studied by probing it with a very simple, well known structure, a spheri-
cal gold NP. These particles can be assumed to have an isotropic polarizability, so the
power scattered by them is independent of the local field polarization and just measures
the local intensity. The quality of this assumption determines in part the quality of the
measurement results, since it cannot be separated from other effects in some cases, like
a power drop due to a beam offset. On the other hand, it is not important to exactly
know the polarizability properties to show the presence of a longitudinal field compo-
nent in the focus. The difference between the particle images for illumination with a
TE01 mode or an artificial TM01, created by rotating the polarization of the TE01 mode,
are a direct consequence of the field polarization properties in any case. The only plau-
sible explanation for the increased intensity in the focus center for the TM01 mode is
the presence of an additional, longitudinal field-component, which is not there for the
TE01 mode. The individual polarizability components of the NP will thus only change
the relative scattered intensities for each electric field component.
One of the unwanted features of the confocal measurements is the image deformation
and shift when rotating one of the HWPs for changing αHW. Although great care was
taken in the experiment, some beam offset could not be avoided due to the mechanical
nature of this adjustment. An electro-optical polarization rotator could be used to get
rid of this drawback, however, as will be discussed later, optimizing the acoustic LPG
would render any additional polarization optics redundant. Additionally, interferences
between wanted and unwanted modes from the SF fibers may also lead to a deformation
of the intensity distribution. Hence, a high purity of the SF-fundamental mode must be
achieved.
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To conclude this section, some issues shall be addressed that are considered crucial
for an optimization of the technique. The first of them is the necessity of a clean fun-
damental mode. As long as the mode distribution in the SF is not controlled better, one
cannot predict what the field distributions in the focus will look like. Hence, one cannot
rely on this technique for the characterization of unknown specimens. Also, it is one of
the key advantages of a fiber-based polarization converter that no spatial filtering of the
output modes is required, since their shape is highly symmetric by design. But this can
only be fully exploited if interferences due to spurious, unwanted modes are avoided.
The second issue is the undefined mode conversion efficiency of the acoustic LPG,
which is probably considerably below 100 %. Although it might not be necessary or not
even wanted in some experiments to convert the fundamental fiber mode completely to
a single second-higher mode, it reduces the freedom to create arbitrarily shaped focal
fields, if a full mode conversion cannot be achieved. It will also be necessary to increase
the working frequency range of the acoustic LPG in order to access all second-higher
modes at will. If all modes can be addressed individually, the desired polarization (and
intensity) distribution can be created without changing the laser beam direction. For
instance, switching between radially and azimuthally polarized beams would not alter
the laser focus position. Changing the polarization mode could be made as easy as
pushing a button, making readjustments related to the polarization of the excitation light
field unnecessary. This would certainly be an advantage for similar setups.
Finally, for the characterization of NPs and other anisotropic nano-objects it would be
beneficial to include a polarization analyzer into the detection path of the confocal setup.
Thereby, more information on individual components of the polarizability tensor can be
extracted, due to different emission patterns for each of them. Theoretical background
on this topic can be found in chapter 4 of [19].
6.7 Summary and conclusions
This chapter dealt with the application of an acoustic LPG for confocal microscopy. The
acoustic LPG converts linearly polarized beams into beams with complex polarization
patterns which can be used to tailor vectorial electromagnetic fields in a tight microscope
focus. The LPG incorporates a special optical fiber which allows the selective excitation
and transport of the aforementioned polarization patterns, which are either single guided
modes of this fiber or superpositions thereof. In this chapter, a metal nanoparticle (NP)
was used to map the focal intensity distribution. This way, it was demonstrated that
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individual field components and different intensity patterns can be created by tightly
focusing the output beam from the special optical fiber.
To get some basic understanding of the focal fields which are created from one par-
ticular second-higher mode of the SF, the fields emerging from the fiber were approxi-
mately described by well known Hermite-Gaussian beams of low order. The focal fields
for these beams were calculated using readily available analytical formulas. The main
results of this calculation are the intensity distributions in the microscope focus for a
combination of a HGy00 mode and a HG
y
01 mode, and for a combination of a HG
x
00 mode
and a HGx10 mode. The major difference between the focal intensity distribution of both
mode combinations is the much stronger intensity peak in the focus center for the latter
combination. Transverse intensity profiles show more subtle differences. These differ-
ences are, however, of lesser importance, since the HG modes are a crude approximation
of the fields from the SF.
After the theoretical consideration of the expected focal fields, the experimental setup
and the results acquired with it were presented. A strong intensity maximum was in-
deed found for an artificial TM01 mode, which was created from a TE01 fiber-mode by
rotating the polarization vectors about 90◦ with an appropriate polarization insensitive
rotator. The intensity profiles in the focus showed deviations from the calculated pro-
files, which was to be expected, since the HG modes are only a crude approximation of
the fiber’s fields.
The discussion showed that the acoustic LPG together with the special fiber can in-
deed be used to create desired vector fields in a microscope focus. However, several
issues have still to be tackled to make this technique more reliable. The biggest ob-
stacles were presented at the end of the discussion and included the mode cleanliness
in the SF, the mode coupling efficiency of the acoustic LPG, and the need for an in-
creased operation bandwidth of the acoustic LPG. The applications of the fiber-optical
polarization mode converter are not limited to (confocal) microscopy, but can go hand
in hand with many current developments in fiber-optics, near-field optical microscopy,
or plasmonics, to name a few.
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The overall goal of this work was to develop an acoustic long-period fiber grating (LPG)
in conjunction with an index-tailored few-mode optical fiber (SF) for the excitation of
cylindrical vector beams and other complex polarization modes. These polarization
modes are applied to high-resolution far-field microscopy. However, the acoustic LPG
in conjunction with the SF can be useful for many more scientific and technological
applications. Some possible further developments will be addressed in the outlook at
the end of this section.
A thorough numerical study of the mode fields and propagation constants of the SF
was presented. The model geometry for this simulation was extracted from scanning
electron microscope images of the fiber core. In the simulation, circular, non-rotated
elliptical, and rotated elliptical boundaries between domains of different refractive index
were assumed. The simulation revealed the following:
• For a circular geometry, the radially polarized TM01 mode and the azimuthally
polarized TE01 mode are separated by up to a value of 1.8× 10−4 from the hy-
brid HE21 modes at 785 nm wavelength in terms of the normalized propagation
constant. This demonstrates that the results by Ramachandran et al. [11, 12] for
greater wavelengths can be extended to the visible range by a moderate, techni-
cally feasible reduction of the fiber core dimensions. The effective index sepa-
ration provides similar polarization-maintaining properties for the second-order
modes of the SF as standard polarization-maintaining fibers do for the linearly
polarized fundamental modes.
• For non-rotated elliptical boundaries, the propagation constants of the hybrid
modes (HE and EH) split up. Also, the mode-fields of second-order modes
change substantially compared to the circular geometry, becoming almost com-
pletely linearly polarized. The last two observations were expected. But, in con-
trast to weakly guiding fibers with a single core-cladding boundary, the special
refractive index profile of the SF provides a much larger splitting of the propaga-
tion constants for the second-order hybrid modes, HEe21 and HE
o
21, compared to
the fundamental modes, HEe11 and HE
o
11.
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• For rotated elliptical boundaries, the results are similar to the non-rotated case
with the following exceptions: The splitting between the even and odd HE21
modes is highly geometry-dependent, considering the rotation of individual ellip-
tical core boundaries. One also finds that the polarization axes of the fundamental
and second-order modes are neither parallel nor perpendicular to each other. This
allows coupling from each of the fundamental modes to each of the second-order
modes by an acoustic LPG. The mode coupling strength therefore depends on the
projection of the mode polarization axes, and, what’s more, the polarization axes
orientations depend on the wavelength.
The effects described above manifest themselves as a complex mode coupling behavior
between the fundamental and second-order modes. This was experimentally observed
using the acoustic LPGs for selective mode conversion and measuring the wavelength
dependent difference between the effective propagation constants of the coupled modes.
The optical mode coupling behavior could be understood qualitatively by using a simple
mode coupling scheme. The scheme classifies the eight possible mode transitions into
four pairs of transitions, each of them containing a primary and a secondary one.
The LPG setup was described in detail, including the acoustic dispersion of the fiber
and the electro-mechanical resonances of the transducer. Through a measurement of the
acoustic phase velocity of the lowest-order flexural waves, the applicability of the exist-
ing theory from [107] was confirmed for the present SF. The piezoelectric resonances
of the transducer were characterized by individually measuring the electric impedance
and the mechanical displacement as functions of frequency. The electrical measurement
was compared to a numerical simulation. Apart from an offset, both results agree well.
The offset is related to inaccurate material properties in the simulation. The mechanical
displacement of the transducer shows a strong frequency dependence and a low band-
width. These features currently limit the mode coupling efficiency. At 785 nm optical
wavelength, 85 % and 25 % efficiency were reached for the excitation of the TE01 mode
and the TM01 mode, respectively. The corresponding acoustic frequencies were out-
side the resonance range, so by optimizing the transducer design, much higher mode
conversion efficiency, close to 100 % is technically feasible.
The separation between the effective propagation constants of the TM01 mode and
the HE21 mode was measured to be 1.4× 10−4 at 785 nm wavelength and depends only
weakly on the wavelength. The measured separation is smaller than predicted by the
optical simulations of the SF’s core. On the other hand, the model of the fiber core cer-
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tainly overestimates the height and steepness of the real refractive index profile. Hence,
it is not surprising that the measured propagation constant separation is weaker.
In spite of the incomplete mode coupling by the acoustic LPG, it was demonstrated
that the fiber-optical mode converter can be applied to confocal microscopy. In particu-
lar, it was shown that the vectorial electromagnetic field in a tight microscope focus can
be tailored by selection and transformation of appropriate polarization modes. Map-
ping the transverse focal intensity distribution by a spherical gold nanoparticle of 30 nm
diameter revealed a significant difference of the intensity in the focus center which orig-
inates from the presence (or absence) of a strong longitudinal electric field component
in the focus. This, in turn, correlates with the presence (or absence) of a radially polar-
ized electric field component in the illuminating beam. Tailoring the vectorial electro-
magnetic field in the microscope focus can be used to measure anisotropic properties
of a specimen. It can also be used to adapt the incident field to the microscopic orien-
tation of a nano-scaled object in order to maximize or suppress the light absorption or
emission by that object. Hence, control over the focal field is a powerful experimental
tool.
To further improve the mode coupling efficiency and polarization mode purity, there
are two issues to be considered. The first one is the performance of the piezoelectric
transducer. The electrical and mechanical design needs to be optimized for greater dis-
placement amplitudes, lower power requirements, and better broadband operation. Al-
though, some of these qualities usually counteract each other, it is certainly possible to
find an optimum for a particular LPG application. A first step would be to use a thinner
piezoelectric plate which has a higher fundamental resonance frequency. More possi-
bilities for improvements can certainly be found by numerical simulations of different
transducer designs, including the mechanical coupling to the fiber.
The second issue is the special fiber design. To achieve (completely) cylindrically
symmetric intensity and polarization patterns, the symmetry of the fiber core has to
be refined in the fabrication process. Furthermore, the number of propagating modes
has to be reduced in order to (1) suppress the excitation of unwanted modes at the
entrance of the SF and (2) to limit the probability for random mode coupling. In both
cases, the polarization mode purity would be spoiled. The effects will worsen if even
shorter wavelengths are to be addressed where more guided modes exist. To reduce the
number of modes, one might decrease the size of the fiber core. This, however, will
also decrease the accuracy of the geometry and, at the same time, will make it harder to
couple light into the fiber. It is therefore interesting to observe upcoming fiber designs
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which provide larger mode field areas compared to the optical wavelength, but maintain
the strong separation of propagation constants of the second-order modes.
While the aforementioned issues need to be addressed to improve the mode coupling
efficiency and polarization mode purity, the fiber-optical mode converter can readily
be used for a number of other applications. One possibility is to use the polarization
converter for plasmonic fiber-optical sensors [124]. If the fiber is covered by a thin
metal layer, the radially polarized TM01 mode can couple to a similar surface plasmon
polariton mode (short: plasmon mode). For a very thin (below ≈ 50 nm) metal coating
the plasmon field penetrates the metal film and is guided at the inner and outer metal
surface. The plasmon mode is extremely sensitive to changes of the refractive index of
the surrounding medium as this changes the resonance wavelength and propagation loss
of the plasmon mode. Thus, this principle can be used for “quantitative detection of
chemical and biological species” [140]. Thereby, the number of possible applications is
only limited by the available surface chemistry.
Another, quite similar application is near-field optical microscopy [81, 86]. The same
plasmon modes as described above can be used here, with the only difference being that
the fiber has to be tapered. The taper will concentrate optical energy towards the tip of
the fiber. This light spot can be used to probe the optical properties of surfaces and small
objects with sub-wavelength resolution. Due to the frequency shift of the optical modes
which were excited by the acoustic LPG, one can also, quite naturally, use heterodyne
interferometric detection to enhance the near-field optical signal.
It can be expected that many more applications will emerge in the near future.
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